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ABSTRACT

An analysis of the flow across a sealing dam of the type that appears in gas turbine
seals was developed for steady, laminar, subsonic, isothermal compressible flow. The
analysis is valid for both parallel sealing dam surfaces and surfaces separated by a
small tilt angle, The computer program determines mass flow rate, pressure and
velocity distributions, Mach number, force, center of pressure, axial film stiffness,
rotational flow and pressure flow Reynolds numbers, power loss, and approximate
temperature rise resulting from viscous shearing. The output is in both English units
and the Iniernational System of Units. Some of the results can be automatically plotted.
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COMPUTER PROGRAM FOR VISCOUS, ISOTHERMAL COMPRESSIBLE
FLOW ACROSS A SEALING DAM WITH SMALL TILT ANGLE
by John Zuk and Patricia J. Smith

Lewis Research Center

SUMMARY

An analysis of the flow across a sealing dam of the type that appears in gas turbine
seals was developed for steady, laminar, subsonic, isothermal compressible flow.
Both parallel sealing dam surfaces and surfaces separated by a small tilt angle (e.g.,
due to thermal distortion) are treated. The analysis is valid for plane pressure flow.
When the sealing dam mean radius is much greater than the sealing dam radial width
which, in turn, is much greater than the mean film thickness, the analysis is valid for
hydrostatic radial flow. The analysis is also valid for relative rotation of the sealing
dam surfaces if the circumferential shear flow has little effect on the radial pressure
flow,

A computer program to carry out this analysis is also presented. Input variables
include the dimensions of the seal, pressure boundary conditions, and molecular weight
and physical properties of the gas. The output includes mass flow rate, pressure and
velocity distributions, Mach number, force, axial film stiffness, center of pressure,
rotational and pressure flow Reynolds numbers, Knudsen number, torque, power loss,
and approximate temperature rise resulting from the viscous shearing for specified film
thicknesses. The output units are in both the English and International Systems. Some
of the results can be automatically plotted.

INTRODUCTION

Some powerplants, such as advanced jet engines, exceed the operating limits for
which face contact seals were designed (refs. 1 and 2). As a result, noncontact face
seals have become necessary. A noncontact face seal which is pressure (force) balanced
is shown in figure 1. In this seal, the pressure drop occurs across a narrowly spaced
sealing dam, and the force due to this pressure drop is balanced by a predetermined hy -
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Figure 1. - Pressure-balanced face seal with no axial film stiffness.

drostatic closing force and a spring force. This configuration, however, has an inherent
problem. For parallel sealing dam surfaces, there is a force caused by the pressure drop
across the sealing dam, and this force is independent of film thickness; hence, there is

no way of maintaining a preselected film thickness which will allow tolerable leakage and
still have noncontact operation. Since the force is independent of film thickness, the
design also lacks axial film stiffness for sufficient dynamic tracking of the stationary
nosepiece with the rotating seal seat. The seal nosepiece must follow the seal seat sur -
face under many conditions without surface contact or excessive increase in film thick-
ness, which would yield high leakage. Some of these conditions are axial runout, mis-
alinement, thermal distortion, coning, and dishing.

A promising method of maintaining a preselected film thickness and achieving axial
film stiffness is to add a gas bearing, such as a shrouded Rayleigh step pad bearing, to
the noncontact pressure-balanced seal (refs. 1 and 2). This is illustrated in figure 2.
Both the sealing dam force due to the pressure drop across the sealing dam and the gas
bearing force are balanced by the hydrostatic and spring closing forces. The gas bearing
has a desirable characteristic whereby the force increases with decreasing film thick-
ness. If the seal is perturbed in such a way as to decrease the gap, the additional force
generated by the gas bearing will open the gap to the original equilibrium position. In a
similar manner, if the gap becomes larger, the gas bearing force decreases, and the
closing force will cause the seal gap to return to the equilibrium position.

Since a proper balance of the opening and closing forces must be found in order to
determine a gap with a tolerable mass leakage, physical quantities of interest such as
pressure distribution and mass leakage must be calculated for several gaps. The pres-
sure distribution and mass leakage have been calculated for the parallel film hydrostatic
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Figure 2. - Pressure-balanced face seal with a gas bearing added for axial film stiffness.

case, Mathematical solutions for the hydrostatic, isothermal, compressible, viscous
flow sealing dam exist in the literature (e.g., see Gross (ref. 3)). Carothers (ref. 4)

has conducted compressible flow experiments in thin films of air which are in radial flow
between parallel plates. The pressure distribution was found for both subsonic and super-
sonic axial entrance flows. Grinnell (ref. 5) has theoretically and experimentally investi-
gated compressible flow in a thin passage and has shown excellent agreement between
theory and experiment.

An analysis for small tilts of the sealing dam surfaces does not exist in the litera-
ture. The tilts are caused by mechanical and thermal distortions of the seal, as stated
in reference 1. To achieve a good design it is desirable to study the effect of the variation
of a large number of parameters; thus, an automatic calculation and printout of physical
variables would facilitate design.

This report presents a compressible flow sealing dam analysis that considers both
parallel sealing dam surfaces and surfaces with small tilt angles. A computer program
was developed to perform the calculations for the sealing dam design. Input variables
include seal dimensions, pressure boundary conditions, and molecular weight and physi-
cal properties of the gas, Physical quantities such as mass flow rate, pressure and
velocity distributions, Mach number, force, power, torque, and center of pressure are
found for specified film thicknesses.



BASIC MCDEL AND EQUATIONS

The sealing dam model consists of two parallel, concentric, circular rings in rela-
tive rotation at a constant speed separated by a very narrow gap. A pressure differen-
tial exists between the rings' inner and outer radii (see fig. 3).

The model formulation is based on the following physical conditions:

(1) The fluid is homogeneous, compressible, viscous, and Newtonian,

(2) The flow is steady and laminar (continuum flow regime), and the body forces are
negligible.

(3) The bulk modulus is ignored (A = -2/3 p). This is Stokes idealization (ref. 3).
This condition will be valid unless the gas is under high pressure, very dense (e.g.,
shock wave structure), or rarefied.

(4) The fluid behaves as a perfect gas.

(5) Since AR is much greater than h, the entrance region effects are neglected;
hence, the convective inertia forces are neglected. This means that the seal is treated as
operating entirely in the viscous region,

(6) The fluid film is isothermal, This means that all heat generated in the film is
conducted away through the walls, This is a standard assumption of lubrication theory.

NN ym&_r_ hy
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Figure 3. - Model of the sealing dam with a smali tilt angle (not to scale),
Rotating upper ring removed for clarity.



The validity of this assumption breaks down for cases of large thermal gradients in the
sealing dam and when the frictional heating is high (e.g., small gap or high speed).
However, thermal analysis of a seal (unpublished data by T. E. Russell of Lewis) shows
that the sealing dam can be closely approximated by a constant temperature. In any case,
the Mach number must be less than 1/\/?. This is the limit of the validity of isothermal
duct flow analyses as stated in most gas dynamics textbooks (e.g., Shapiro (ref. 6)).
(7) The entrance Mach number is close to zero. This means that there cannot be a
large axial-flow source on one surface impinging on the radial surface, as is present in
a hydrostatic bearing,
(8) The fluid velocity in the reservoir is considered to be negligible (stagnant) and thus
its effects are neglected in this analysis.
(9) The radial pressure flow is uncoupled from the rotational shear flow. Reference 7
shows this assumption is valid under the following conditions:
(a) The ratio of the reference rotational velocity to the reference radial flow
velocity must be less than l/m (i.e., ﬁQ/Uref < I/VIW.
(b) The mean radius R must be much greater than h, and Reh(h/AR) must be
much less than 1.
Using the above two conditions, reference 7 further shows
(¢) The treatment of the radial flow as uncoupled from the rotational flow is a
very good approximation for most applications where the radial pressure differential
is large and the speeds are moderate.
(d) The circumferential and axial pressure variations are negligible,
(3) If AR/R1 is much less than 1, a two-dimensional channel or narrow slot is
valid,
The rotational flow, however, is important for power loss calculations due to viscous
shear and transition to turbulent flow,
The governing flow equations for a compressible fluid with constant viscosity in vec-
tor notation are (ref. 8)

Conservation of mass:

Ee+p_V" V=0
Dt

Conservation of momentum (Navier -Stokes equations):

p_D_V= —eP—uCurl(CurlX_/:)+(A+2p,)6(%- \7)+§
Dt

Isothermal equation of state:

P = P(p)



All symbols are defined in appendix A.
A rectilinear Cartesian coordinate system is used to describe the radial sealing dam

flow (see fig. 3).
Applying the conditions assumed in the model reduces the above system of equations

to the following set which can be solved:

Conservation of mass:

SCLM (1)
o0xX

This form of the continuity equation is not used but is replaced by the integrated
form, which is shown to be the conservation of mass flow in the radial direction.

Conservation of momentum:

2

9V_-0 z-direction (circumferential) (2)
ay2
ap _ 2%
— = pu-——  x-direction (radial) (3)
dx 2
ay
Equation of state:
PPy
P=pRT=—= (4)
P1

Solving the circumferential direction momentum equation (eq. (2)) gives

V= Cl(r)y + Cz(r)

Applying the boundary conditions

yields



V:r_mr..

(5)
h

Since the azimuthal and axial pressure variations are neglected, P is a function of x only
(P = P(x)), and the radial momentum equation can be integrated twice with respect to y

=_1_.d_P_y2+Ciy+Cé
2p dx

Applying the boundary conditions

1
u=0-Cy=0

at y =0
u:O—oCiz—@@_ at y:h(x)
2y dx
yields
u= L 92 (42 _ny)
2y dx

(6)

Now, the mass flow at any x per unit width is

: h(x) 3
M:p udy:-ll_(i)ﬁg_]z
L 0

(7
12 dx
Substituting the perfect gas law (eq. (4)) into equation (7) yields

M__"py ap? ®)
L 241J.P1 dx
The mass flow does not change with x; hence,
M _
dx

9

(This equation replaces the continuity equation(1).) The boundary conditions for pressure
are

P=P,, or P2-P?  at x=0

5 5 (10)
P=P2, or P =P2 at x=R2-R1

An alternate formulation of this problem would have been to start with the compres-
sible Reynolds' lubrication equation (ref. 3) for this model.

Reynolds' equation is of the
form of equation (9) with boundary conditions (10).




Parallel Film Limiting Case

When the seal surfaces are parallel, h is constant, and equation (9) is readily solved
by integrating twice and applying the boundary conditions (eq. (10)). The result is

1/2

2
_ P2 X
P=P (1-t-—=]|—— (11)
p? [R2 -1
Hence,
2
2 P
ﬁzpi 1-.2\_1 (12)
dax P% R2 —R1

The mass leakage is found by substituting equation (12) into equation (8). This yields

3
. Lh%,P
M = 11

P
- 11 h-_= (13)
24u(Ry - Ry P.%

Equations (11) and (13) are reducible to the form found in reference 3. The total force

per unit width is found from

which results in

(14)

el e
w
[y
1
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"Ul el
= o
~———
no
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Where P

min is the smaller pressure of the two pressure boundary conditions.
center of pressure is

The
R.-R
2Ry
L { (P -P_. )x dx
X, = (15)
F
which results in
P.\3 )
2 2
LR, - R,)? P15 75, p
Xc - 2 1 1 mln? (16)
F P2 2
2
3|1 -<—>
Py

~
Since equation (14) does not depend on film thickness, there is no axial film stiffness for
parallel sealing surfaces.

This deficiency is overcome by adding a gas bearing to the
sealing faces (fig. 2).

Small-Tilt-Angle Case, a ¥ 0

For nonparallel sealing dam surfaces, the film thickness is no longer a constant;
thus, equation (8) must be solved for the variable-film-thickness case.

For a sealing
dam with a small tilt (see fig. 4), the mean clearance is

h- h1 + h2
m- g
Rz -Rp
_ RZ_Rl
C=
I +a P2 f h
—= v h m lz
e NS 1 |
0}_r, a ol x
Ry

Ry

Figure 4. - Notation used for sealing dam with small tilt angle (not to scale).



For small tilts,

h(x) - h
sin ¢ = _mga
x -C
where
— R, -R
C=_2 1
2

Hence, h(x) = h o+ a(x - C) or h(x) =B + ax where B = h - aC. If

24pP1
D= -
P]_L
equation (8) becomes
ap?_ DM
dx (ox + B)3

Now the conservation of mass must be satisfied, that is, dM/dx =0 or

a®p? _ _3aDM

(17)
dx? (ox + B)4

Integrating equation (17) twice yields

p2 - —‘DM_Z +Cix+ C, (18)
2a(ax + B)

When the following boundary conditions are applied,

10



- A
P=P—-C=P2+DM at x=0
1 2 1 9
2aB
r (19)
p2 - p? DMh__ _
P=P2——Cl= - 5 > at x=2C
R, -R =
2 1 B (hm + aC) J
equation (18) becomes
2 DM |1 1 2 P 1 DM, x
P==—=- +P7 [1-1-—= - (20)
20 182 (4x + B) P2/\B2 " R1/ | B2(h_ + oC)2
or
2 .2 AT DM | (ax + B)? - B? by X
P=p] |1- [1--2 + ax + - n (21)
P22 "R/ B2 | 2a(ax+B)? (i +oC)>?
For small tilts of the sealing dam surfaces, the mass leakage is found from equa-
tion (13), where h is now h paps thatis,
3 2
o Penarf1Py [ Fa (22)
24p(Rg - Ry) p2
where
T
char ~ h
m

Using equation (22) for the mass leakage in equation (21), the pressure distribution for
small tilt angles becomes

11
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2 . 1/2
P)_J11- (1 - fg X __24uM | (ax + B)z - B2 hmx (23)
P 2 -R 2 2 =\ 2
1 p? [\R2 "B1 /| P p,LB?| 20(0x + B) (h_ + oT)
The total force per unit width is found from
F RoRy
- (P - P_;)dx (24)
0
The center of pressure is found from
/ Ro-Ry
A (P - Pmin)x dx
X.= : —— (25)
F
L
In the computer program, the integrations in equations (24) and (25) are performed
numerically,
The axial film stiffness is defined as
STIFF = - 9F (26)

dhm

It can be seen from equation (23) that a sealing dam with nonparallel surfaces has an
axial film stiffness, It can also be seen that this film stiffness can be positive or nega-
tive. In the computer program, the axial film stiffness is found numerically (see appen-
dix B),

Additional Parameters Calculated by Computer Program

The average radial velocity at any radial point x in the sealing dam gap is found

from

MP

u, (%) = M__ 1 (2m) .

p(x)hL Lp,P(x)h

12



The local Mach number at any x is then

M = U, () _ U, (%)

) ViaT

a

(28)

where a is the speed of sound,

The pressure flow Reynolds number is found by using the hydraulic radius 2h as the
characteristic length

P,u__2h
Rep = “2av (29)
p®RT
The Knudsen number can be found from (ref. 9)
1.48 M
Kn = Molecular mean free path ~ max (30)
Mean film thickness Reh

2
Under conditions of very small film thicknesses, the Knudsen number may be greater

than 0, 01, and this continuum analysis would no longer be valid.
analysis must be used.)

(A slip flow regime
The total power is found by considering only the viscous shear caused by rotation,

~
_ ﬁZQZ
Power = R * (Shear force) = K dA

h YA

f (31)
_ uﬁzﬂzA
h

where RQ is the mean rotational velocity.

J

tion, Thus,

A very rough estimate of the film temperature rise due to the viscous shearing can be
estimated by equating the heat generated by viscous shearing with heat transfer by convec-

=22
_m_ BRTQ7A
Ttilm,av " T =~

, (32)
hC M
Cp

13



This calculated film temperature rise will be higher than actual film temperatures,
The predominant mode of heat transfer, conduction by the walls, is neglected.

Computer Program Formulation

The previously derived equations, placed in the form used in the computer program,
are shown in table I in the English system of units. A description of the program and flow
charts is presented in appendix B. The program listing is given in appendix C. A sam-
ple problem with its input and output for parallel sealing dam surfaces and relative sur-
face tilts of +1 milliradians is given in appendix D.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, April 9, 1969,
120-27-04-90-22.
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TABLE I. - FORM OF PERTINENT EQUATIONS FOUND IN COMPUTER PROGRAM (IN SAME SEQUENCE AS EQUATIONS APPEAR IN PROGRAM)

2 _Rr?) in2 12 in.
A=g (Rz - Rl)’ in, PZUaVthhar ( - )
. ] Re(P) =
® b ftolb 32,174 (PMUIY 3 per 4 460
® ==, ~————— where ® = 1545,4 e A, (lb)(secz)
M (bm)(°R) (Ib-mole)(°R) .
n 9 Q= 13.083 M, std cu ft/min
p. (144 in.2> \
b1
or = 1t2 (Ib)(sec?) Power = <&> lhp \/ 1\ hp
1- : — h 550 1t-1b | | 12 in.
R(T + 460) |32, 174 (MY £t? m I\
2 ec
(Ib)(sec”) —~
- ] [;2,42 <m>_<min>}(power>
a= "/ya(r+460) 32.174 (Mf%, At AT= Lo hp . op
b sec MC
(Ib)(sec )J o
R, +R -
B L=0,L=2r 1 2 i H, () = 42.42(Power), BiL
. min
2 R,-R
I pg=0, pg=p, (Ib)(sec™) F=L f 2 1(p_1>0)dx,1b
£t 0
R,-R
it ns0 ve [AN) (F17R2) [min) XC=£f2 Yp - pyx dx, in,
’ 12 in. 2 60 sec)’ sec F
ft
- - . . X = X; + N AX, in,
If N=0 and V=0,
AT =0, °R . R, - R,
=h_+olx - , in,
C_=0, __Btu 'm 2
{om)(°R) ~

— Rl +R
Re(R) = Py 3

o2
2\ /o h K a=0 Zaqf1-f1-22)/. %\ i
(_ ] Py pZ/\By - R
B eg§)<144in.z> 1

( min 2

2 . 1/2
. 2 2 h_x
%, - R, Kaso Bl fi-f2 <}_;x >+DM {(OX+B)>-B by ]
Ax = [ ST P 2 J\R, -R 2.2 2 =2
Number of steps ' 1 P/ N2 "1/ B%PZ | 2¢(ex + B) (h,, + al)

ft

hh, sTIFF = - 9F b
Behar = b . Ny i1
m
T
b F = o
3 e} [Py - Pyl®, - RYL
60 sed\ | Pehar? P1E (! - i) -
i< |32 170 me]{ min Pl » z . Ze
. —= — el c
(lb)(secz) 12 in. 24p(Ry - Ry) min Ry -y
ft N
- ] 33 000 (Power) <1zm.)
_ : Torque = S (22—, ft-Ib
hmin_ smaller of h1 and h2, in, N :I it
144 in.?
U (%) = I _ N{PI__ At
av 32,174 (Ibm)(ft) (60 sec>Lp1hminP(x) sec
(b)(sec®y| \ min
M= _2v
a
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APPENDIX A

SYMBOLS

sealing dam surface area, in.2; m?

b=

speed of sound, ft/sec; m/sec

hm—aC

Q W ®

constant of integration

(R, - R,)/2

specific heat at constant pressure, Btu/ (lb)(oR); J/(kg)(K)
specific heat at constant volume, Btu/ (lb)(oR); J/(kg)(K)
-24pPy /p ne

sealing dam force, Ib; N

(=]

H OO O o O
<

dimensionless force, F/(P2 - Pl)(R2 - Rl)

body force vector
2
)

gravitational constant, 32, 174 (Ibm)(ft)/(b)(sec”); 9.81 m/sec2

film thickness, in.; m

ROF ® my o

DM

Knudsen number

~
)

sealing dam width, in.; m
Mach number

mass flow, lb/min; kg/sec

B g2 ¢

molecular weight of gas, Ibm/lb-mole; kg/kg-mole
an integer

static pressure, psi; N/m2

min smaller pressure of two pressure boundary conditions, psi; N/rn2
net volume flow rate, std cu ft/min; std cu m/sec

o O " o™ R

radius, in,; m

|

mean radius, (R1 + Rz)/2, in.; m

D>
b

sealing dam length, Rg -Ry, in; m

-
D



B

e

® gas constant, universal gas constant/molecular weight, ft—lb/(lbm)(oR);
J/(kg)(K)
® universal gas constant, 1545.4 ft-1b/(1b -mole)(oR); 8. 3143 J/(kg-~-mole)(K)
Re Reynolds number
r radial direction coordinate
STIFF axial film stiffness = —dF/dhm, Ib/in,; N/m
T temperature, 0F; K
U pressure flow reference velocity, ft/sec; m/sec
u velocity in r-direction or x-direction, ft/sec; m/sec
v moving sealing dam surface speed (circumferential direction), ft/sec; m/sec
v fluid velocity vector
v velocity in circumferential direction or z-direction, ft/sec; m/sec
X. center of pressure in radial or x-direction, in.; m
ic dimensionless center of pressure, Xc/(RZ - Rl)
X coordinate in pressure gradient direction (x-direction)
y coordinate across film thickness
z shear flow coordinate in Cartesian system
o relative inclination angle of sealing dam surfaces, rad
y specific heat ratio, Cp/CV
0 circumferential coordinate or azimuthal direction
A second viscosity coefficient or coefficient of bulk viscosity
U absolute or dynamic viscosity, (Ib —sec)/ftz; N—sec/m2
p density, (]b)(secz)/ft4; kg/m3
Q angular rotation velocity, rad/sec
\% Del operator, E-i + 6—3 + 9 k
0xX oy 0Z
Subscripts: '
av average
char characteristic
h based on film thickness
m mean



min

[\ - [« lor

18

maximum

minimum

based on radius
reference

inner radius or inlet

outer radius or outlet



APPENDIX B

COMPUTER PROGRAM

The program called SEAL performs an analysis of the flow across a gas film sealing
dam with mean film thickness hm and tilt angle «. SEAL and its subprograms are
written in FORTRAN IV, (The computer at the Lewis Research Center is an IBM
709411/7044 or 7040 Direct Couple computer under IBSYS version 13 using ALTIO.,)

Included in this appendix are lists of the input variables and program variables,
along with their descriptions and English units; detailed descriptions of the subprograms;
and a flow chart of the main program (fig. 5). '

All input, calculations, and output are in English units. Printout of data in Inter-
national Units is optional.

Main Program

The main program, SEAL, performs the primary flow analysis. Subroutines are
used for secondary operations such as numerical integrations, numerical differentiation,
and plotting data.

Input to SEAL is by punched cards in the following order:

(1) Title card - alphanumeric identification of the data (format 12A6)

(2) NJ card - number of mean film thicknesses to be analyzed in one running of the

program (format I3)

(3) h = cards - mean film thicknesses, six per card (format F12, 6)

(4) Data cards - seal dimensions, pressure boundary conditions, physical properties

of the gas, and logical variables (read by NAMELIST/INPT/)
Data are read by NAMELIST to minimize the number of cards required to run a second
case with the same title and hm cards. Input variables are initially set to zero, Con-
sequently, variables which are not changed during the reading of the data cards will be
calculated by the program,. (See the list of input variables for their significance and for
any restrictions on them.)

Output data are printed in English units in groups, in the following order:

(1) Program identification - compressible sealing dam with small tilt angle

(2) Data identification - as it appears on the title card

19



20

Test input parameters

Set input
parameters to zero

Read title card

Read NJ card

Read hy, cards

Read data cards

Calculate
program constants

Write input parameters)

No
international
units
K

Convert input

units

to international

Yes

to determine operating
conditions

-

(a) Initial steps,

Do statements 200 to 400 for J = 1,NJ

Determine starting and final
values for x and h

—
Determine characteristic h I

Calculate M, Q, Re(P), Re(R),
Mach number and Kn

Seta
flag

Skip
calculation of
power

Calculate power, Af,
Nghear. @nd torque

.

Calculate force and center
of pressure. If a+0, do
integrations numerically,
If a =0, useanalytic
formula for integral.

Skip
calculation
of P?

For 1= 1NN, calculate
X, h, P, Plein, average
velocity, and Mach number

Calculate axial
film stiffness

(b) Main calculation.

Figure 5. - Flow chart of main program (SEAL),




Write R, Py AL
area, speed, and V

Write column headings
for parameters that
varywith hp,

Skip >
plot of F
?

Write column headings for
dimensionless F and Xc

Write e M, Q,
maximum Mach number,
Re(P), Re(R}, and Kn

for J=1,NJ

Nondimensionalize
F and X:

Skip

printout of

power
?

Write column headings
for parameters asso- Skip
ciated with power all plots of
PIP

min

/[~ Wirite hy, Power, h

shear
\_ AT, and torque for J=1, NJ

- Plotone set: x against P/Pp;, )

Write HMEAN(J}

( Plotall sets: x against PIP: )

750)=

Write column headings.
Write x, P/Pminv P,

average velocity, and Mach
number for J=1,NN

For cases for which
model is invalid, reset
HMEAN = - HMEAN

Convert
to international

Units
?

Convert to International Units

and write in same format as
for English units

(d} Plot routine,
Figure 5. - Concluded,

For cases for which model is
invalid, set HMEAN(J) =
-HMEAN(J) for 4= 1, NJ

(c) Write routine,

s
e
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(3) Input data - as it appears on INPT cards

(4) Calculated constants - rotational flow Reynolds number, reference density,
density at inner radius of seal, speed of sound, gas constant, length of seal,
and rotational velocity '

(5) Parameters that vary with hm - mass flow rate, volume flow rate at standard
conditions, maximum Mach number, pressure flow Reynolds number, rotational
flow Reynolds number, sealing dam force, axial film stiffness, center of pres-
sure, dimensionless sealing dam force, dimensionless center of pressure, and
Knudsen number (Printout of dimensionless sealing dam force and dimensionless
center of pressure may be suppressed by setting RSKIP to TRUE, )

(6) Parameters associated with power dissipation - power, shear heat, apparent
temperature rise, and torque (Printout of all parameters associated with power
dissipation may be suppressed by setting TSKIP to TRUE,)

(7) Parameters that vary across the sealing dam (one group for each hm) - distance
across sealing dam, pressure, pressure ratio, average velocity, and Mach
number (Printout of all data in group 7 may be suppressed by setting ASKIP to
TRUE.)

Printout of data in English units is followed by plots of several parameters (see
appendix D). Plots appear in standard form with minimum x and minimum y in the
lower left corner of the plot. Legends at the bottom of the plots give conversion factors
for International Units, The plots appear in the following order:

(1) Center of pressure as a function of hm

(2) Dimensionless sealing dam force as a function of hm (Plots 1 and 2 are sup-
pressed for @ = 0 since center of pressure and sealing dam force do not change
with hm.' For « # 0, plot 2 may be suppressed by setting RSKIP to TRUE.)

(3) Power as a function of h =~ for nonzero speed (Plot 3 may be suppressed by setting
TSKIP to TRUE.)

(4) Pressure ratio as a function of distance across sealing dam for subsonic flow
cases (If « = 0, only one plot is made because the pressure distributions are
identical for all hm. All plots in group 4 may be suppressed by setting ASKIP
to TRUE,)

Following the plots, data are printed in International Units, This printout may be sup-
pressed by setting NOUI to TRUE.

SEAL is divided roughly into seven sections, The first section reads data and calcu-

lates program constants (cards 41 to 59).
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The second section (cards 85 to 93) tests certain input variables, If they are zero,
new values are calculated. H they are nonzero, the original values are used by the pro-
gram, Since SPEED and CAPYV both represent rotational velocity, they must be consist-
ent. If SPEED is read as zero, CAPV must be examined, In the case that CAPYV is not
zero, SPEED is calculated from CAPV. I they are both zero, the system is considered
to be static,

Section three (cards 99 to 146) is the first part of a loop which is done for each hm.
This section calculates starting values for x and h, mass flow rate, volume flow rate
at standard conditions, pressure flow Reynolds number, rotational flow Reynolds number,
maximum Mach number, and Knudsen number, I the maximum Mach number indicates
that the flow analysis is no longer valid (M > 1/ \/77), IHTAG(J) is set equal to 1 as a trig-
ger, and no further calculations are made, If the flow analysis remains valid, the pro-
gram calculates power, shear heat, temperature rise due to power dissipation, torque,
sealing dam force, and center of pressure, For o« # 0, the integrations in the force and
center of pressure equations are done numerically by Simpson's rule. For « = 0, the
integrations are done analytically, and the resulting formulas are used in the program.
The axial film stiffness is found numerically by Lagrange differentiation of force with
respect to hm.

Section four (cards 151 to 163) is the rest of the loop started in section three, Sec-
tion four calculates film thickness, pressure, pressure ratio, average velocity, and
Mach number at several points across the sealing dam, Section five (cards 168 to 211)
writes data in English units, Section six (cards 215 to 257) plots the various parameters.
And section seven (cards 261 to 319) writes data in International Units,

Numerical constants that appear in the program are for units conversion.

Subprograms

SEAL uses six subroutines whose listings are given in appendix C. They are SIMPS1,
PX, PXX, PRESS, STFNSS, and ARRNG., The lastfive are described in table II, SEAL
also uses two subroutines that are not standard in IBSYS., These are SORTXY and
PLOTXY.

SORTXY sorts two numerical arrays. A statement such as CALL SORTXY(X, Y, N)
results in the array X being rearranged such that X(1) = X(2) . . . = X(N) with the
Y array rearranged to preserve the X,Y pairs, N is the number of elements in the
X and Y arrays.
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TABLE I, - DESCRIPTION OF SUBROUTINES

Name Call vector | COMMON block | Program Description
variables variables variables
PRESS (pressure function) X distance from inner radius of seal
Pl pressure at inner radius of seal
P2 smaller of P1 and P2
ALPHA tilt angle
c 1- p2/pl
RDIF distance across seal
HM mean film thickness
AK constant
YY distance from inner radius of seal
Y pressure
AA film thickness at outer radius of seal
Q P? for a0
PX (integrand in integral) Y distance from inner radius of seal
R2 —Rl P1 pressure at inner radius of seal
f (P - Pmin)dx PREF smaller of Pl and P2
0 A,B,C,D,E dummy variables to fill common block
YY distance from inner radius of seal
PXX (integrand in integral) Y distance from inner radius of seal
R2 —Rl P1 pressure at inner radius of seal
f (P - Pmin)x dx PREF smaller of P1 and P2
0 A,B,C,D,E dummy variables to fill common block
YY distance from inner radius of seal
STFNSS (numerical differentia- XX input array of independent variable
tion for film stiffness) YY input array of dependent variable
ITAG inpul array of numerical flags

(ITAG(J) # 0 implies [low became
supersonic and case should be elimi-
nated from calculation,)

DDY returned array of film stiffness
DDY = -d(YY), d(XX)
MAX number of elements in XX, YY, and ITAG
X array of valid independent variables
Y array of valid dependent variables
MM number of valid points
N number of points used in the numerical
differentiation, N - 5
K index of point at which differentiation
is made
IST index of first point used in differen-
tiation
IN mdex of last point used in differen-
tiation
Jignal indices of points used in differentiation

(II can be used as either the row
mdex or the column index since
the matrix A is square,)

A(5,5) malrix whose elements A(l,J) =

X(ID) - X(JJ)

P1 product (xk - xi)Pi(Xi)
n oy,
51 sum Z 1
i=1 Dy
n 1
52 sum
Z (x, - x)
j=1 !
n
P2 product (xk - xj)
=1
KY integer value of derivative

DY(50) [floating point array of derivatives

ARRNG (arranges arrays to X input array of independent variable

be plotted) Y input array of dependent variable
XP sorted array of new independent variable
YP sorted array of new dependent variable
N number of elements in input arrays

number of elements in sorted arrays

-

T temporary storage for sorting




P

PLOTXY plots two numerical arrays., A statement such as CALL PLOTXY (X, Y,
KODE, P) produces an on-line plot of X against Y with the point X(1), Y(1) in the
upper left corner, The plot appears with X increasing down the page and Y increasing
across the page. KODE indicates which plotting options are used, For example,

KODE = 6 gives a plot with most of the grid lines suppressed, * as the plotting character,
and the X and Y scales computed by the plotting routine, The array P contains in-
formation needed by the plotting routine, such as the number of points to be plotted, the
X and Y scales if the programmer computes them, and the frequency of grid lines in
the X and Y directions,

Special format statements are used to print plot titles and plot legends, A pair of
statements such as

WRITE (6, 1)
1 FORMAT (2HPT, 10HPLOT TITLE)

will print the title PLOT TITLE above the plot, A pair of statements such as

WRITE (6, 2)
2 FORMAT (2HPL, 11HPLOT LEGEND)

will print the legend PLOT LEGEND immediately below the plot.

Listing of SORTXY and PLOTXY can be found in reference 10 or can be obtained
from the Instrument and Computing Division of the Lewis Research Center,

SIMPS1 is a function subprogram used to perform a numerical integration by
Simpson's rule, A statement such as F = SIMPS1 (XO, XF, G, K) gives F as the defi-
nite integral

XF
F =
S awnax

The integrand is evaluated at interior points by the external function G named in the cal-
ling vector. The interval of integration, XO to XF, is not divided uniformly. More
subdivisions are made in regions where the integrand is changing rapidly. If two succes-
sive evaluations of the integral on a particular subinterval differ by more than 3X 10'5
times the value of the integrand, the subinterval is divided into two subintervals and the
integration is repeated. In the integration requires more than 200 subintervals, the
integer K is raised by 1 to indicate that the returned value of the integral is incorrect.

PRESS is a function subprogram to evaluate the pressure at any distance X from
the inner radius of the sealing dam, The distance appears in the calling vector. The
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pressure differential equation is solved analytically, and the resulting formulas are used
in the program, For « = 0, the formula used is equation (11),

P2 .
P=P }f1- - — (11)
p? J\R2 - Ry
For o # 0, the formula used is equation (23)
. 1/2
X _24uM |(ex+B)2-B2 ¥ (23)

Ry - Ry plLB2 20(ax + B)2 (hm + aa)z

F 27
L / (P - P, ) (24)

Similarly, PXX is an external function subprogram to evaluate the integrand in the

integral

/’Rz‘Rl
(P - Pmin)x dx

0
X, = (25)

F
L
STFNSS is a subroutine subprogram to calculate the axial film stiffness (STIFF).

It performs the numerical differentiation

STIFF = ~9F

b

by Lagrange's method (ref, 11). The general formula for Lagrange differentiation is

n
L) = > Ly,
i=0
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where

and
) n
Pi(x) = (x - xi> - I OI (x - xj>
]:

For the special case of the derivative at one of the tabulated points Xy

n
n
L'x)= || & -x) 1 (34)
k =0 & ] X - X,
j#k k ]
i=0
i#k

where Dik = (xk - xi)Pi(Xi)’ ik,
Subroutine STFNSS follows a computing scheme described in reference 11. A matrix
is defined whose elements are

The product of the off-diagonal elements of each row is multiplied by Xy - X, except for
the kth row, This defines Dik' The sum

n
Z i
o ik
ik

is formed and multiplied by the product of the negative of the off -diagonal elements in the
jth column, This gives the first term in the formula, The second term is formed by
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summing the reciprocals of the off -diagonal elements in the kth column and multiplying
the sum by Vieo

The subroutine first eliminates cases for which the flow Mach number exceeds
1/ \/77 Then it arranges the data in order of ascending x. It chooses the five data points
X, Y5 (i=k-2, k-1, k, k+ 1, k + 2) for use in equation (34). If there are less than
five data points in the set, all are used in the differentiation,

ARRNG is a subroutine subprogram used to arrange two arrays X and Y for plot-
ting. The subroutine first eliminates cases for which the Mach number exceeds 1/ \/77
It sorts the remaining data in order of ascending X. It then inverts both arrays and
interchanges them., The data are now in the form of ordered pairs (Y(N), X(N)), (Y(N-1),
X(N-1)), . . ., (Y(1),X(1)) where Y(N) = Y(N-1) =, . ., =Y(1). Arranging data in this
form permits the Y array to be plotted as the independent variable in descending order.
Consequently, the plots appear in standard form with minimum X and minimum Y in
the lower left corner.

Input Variables

Input variables to the program and their units are listed. Arrays are given with

their dimensions,

FORTRAN Unit Description
symbol
TITLE(12) alphanumeric identification of data
NJ number of mean film thicknesses (NJ = 50)
HMEAN(J) in, mean film thicknesses
J=1,NJ
ALPHA rad tilt angle
L in, width of mean circumference of sealing dam
SPEED rpm rotational speed Only one of these needs to
be set., If both are set,
CAPV ft/sec sealing dam CAPV is calculated from
surface speed SPEED.
MOLWT Ib/Ib-mole molecular weight of gas
P1 psi pressure at inner radius of seal
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FORTRAN
symbol

P2

T

R1

R2
RHORO

RHORF

MU

cPp
GAMMA
NGRID
ASKIP

RSKIP

TSKIP

NOUI

e

Unit

psi
oF
in,
in,

(Ib)(sec?) /et

(Ib)(sec?) /et

(Ib)(sec) /2
Btu/(1b)(°R)

Description

pressure at outer radius of seal
isothermal reference temperature
inner radius of seal

outer radius of seal

reference density at inner radius of seal (If
RHORO is read as zero, program calculates
RHORO.)

density at mean radius used in calculating ro-
tational Reynolds number (f RHORF is read
as zero, program calculates RHORF.)

absolute viscosity of gas

specific heat of gas

ratio of specific heats

number of steps across seal (maximum, 20)

logical variable (If ASKIP = TRUE, program
skips calculation and printout of X, pressure,
average velocity, Mach number, and pres-
sure ratio, It also skips plotting of x against
pressure ratio, )

logical variable (If RSKIP = TRUE, program
skips calculation and printout of dimensionless
center of pressure and dimensionless force.
It also skips plotting of FBAR.)

logical variable (If TSKIP = TRUE, program
skips calculation, printout, and plotting of
variables associated with power,)

logical variable (If NOUI = TRUE, program
makes no conversion to International Units. )

29




Program Variables

The variables used in the program are listed in the approximate order of their ap-
pearance. Arrays are given with their dimensions, Variables marked with a * are
printed as output data.

FORTRAN Unit Description
symbol
PI T = 3.1415927
RUNIV ft-Ib universal gas constant
(b —mole)(OR)
ZERO input variables are equated to ZERO which is
initially set equal to 0.0
PP1 psi value of P1 in common block
PREF psi smaller of P1 and P2 in common block
AAA rad value of ALPHA in common block
MCUT point at which mathematical model becomes
invalid
NN number of grid points (1 = NN = 21)
JMOD number of pressure distributions that will fit

evenly on one page

*AREA in, face surface area of seal
RDIF in, distance across seal, equal to R2 - R1
C outside- to inside-pressure ratio, equal to
P2/P1
CC constant used in pressure calculation
(cc =1 - (P22/P12)
PDIF psi total pressure drop across seal
*R ft-1b gas constant
(lom)(°R)
*RHO1 (lb)(Secz) /ft4 calculated density at inner radius of seal
A ft/sec speed of sound
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FORTRAN
symbol

THTAG(J)

HM

DELX
*X(J,T)

X(J, 1)

X2

H(J, T)

H(J, 1)

H2

HCHAR
*MDOT(J)

UAV
*MACHMX (J)
*REP(J)

RHOREF
*RER(J)
*Q(J)
*KN(J)
*POWER(J)
*DELTJ(J)

*HTOTAL(J)
*TORQUE(J)
AK1

Unit

in,

in,

in,

in,

in,

in,

in,

in,

in,
Ib/min
ft/sec

(Ib)(sec?) /it
std cu ft/min

hp
°r

Btu/min
ft-1b

(psi)2

Description

numerical flag: ‘
IHTAG(J) = 0 implies flow analysis is valid
IHTAG(J) + 0 implies flow analysis is not
valid

current value of HMEAN (J) in common block
distance between successive grid points
distance from inner radius of seal

first point in x distribution

last point in x distribution

film thickness at X(J,1)

film thickness at X(J, I)

film thickness at X2

characteristic film thickness

mass flow across seal

average velocity at outer radius of seal
maximum Mach number for given HMEAN(J)
pressure Reynolds number

calculated density at mean radius of seal
rotational Reynolds number

volume flow rate at standard conditions
Knudsen number

power dissipated by viscous shearing

apparent temperature rise due to power dissipa-
tion

shear heat of system
torque

constant needed in pressure calculations
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FORTRAN
symbol

K, KK

*F(J)

*XC(J)

*P(J, I)
*PRAT(J, I)
*UAVRG(J, I)
*MACH(J, I)
*STIFF(J)
*FBAR(J)
*XCBAR(J)
JJ

XPT, YPT,

XPLOT, YPLOT

PP

KODE
NP
*UI
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Unit

b
in,
psi

ft/sec

Ib/in,

o

Description

numerical flags which indicate whether or not

) and

the numerical integrations of (P - P__.
min

(P - Pmin)x are accurate

sealing dam force

center of pressure

pressure at X(I, J)

ratioof P to P_ . at X(I,J)
min

average velocity at X(I, J)

Mach number at X(I, J)

axial film stiffness, equal to —dF/dhm

dimensionless force

dimensionless center of pressure

counter for cases for which Mach number
< 1/Vy (If 37 = 1 modulo JMOD, the printer
will skip to a new page.)

utility arrays used in sorting and plotting

contains information needed by plotting subrou-
tine(See ref. 10 for details.)

plotting code (See ref. 10 for details.)
number of points in a plot (1 = NP = 50)
output variables in International Units
distance across sealing dam index

mean film thickness index



APPENDIX C

PROGRAM LISTING

$IBFTC SEAL

C
C
c

OO0 0OO000O00

90

100

COMPRESSIBLE FLOW SEALING DAM ANALYSLS WITH SMALL TILT ANGLE

LOGICAL ASKIP,RSKIP,TSKLP #NOUI

REAL MDOT MOLWT 3MU4MACH, MACHMX yMCUT KN,y L

DIMENSION XPLOT{S50),YPLOT{50)4XPT(50),YPT{50) PP{61),ZEROU17)y
1 ULI30),TITLE(12)

DIMENSION F(50)4XC(50) ,MDOT{50),XCBAR(50)FBAR(50),QL50)¢

1 POWER(S0O),HI(S50)yHTOTAL(50)+DELTI(50),TORQUE(50) sHMEAN(50} 4

2 MACHMX(50) yREP{50),STIFF{50).,IHTAG{50)+KN{50),RER(50)
DIMENSION H{50,21%sX{50+21) +P(50+21),UAVRG(50,21),PRAT{50421)
1 MACH(50,21%

COMMON/ INTGRL/PPLyPREF 48AA,CC,RDLF 4 HMAKL

EXTERNAL PX,PXX
NAMELIST/INPT/ALPHA L o SPEED,CAPVyMOLWT ,PL P2y TH,R1L¢R2+RHORG,

1 RHORFyMU,CPGAMMA,NGRID,ASKIP,RSKIP,TSKIP,NOUI

DATA PIyRUNIV/3.141592741545.4/

EQUIVALENCE (ZERO(1),MOLWT)s (ZEROC(B)L, Pl), (ZERO{1L1) 4L},

1 (ZERO(2),ALPHAY, (ZEROt7), P2}, (ZERGQLL2) 4T},

2 (ZERD(3)4SPEED)s (ZERO1B), R1l}, (ZEROL13YiMU)y

3 {ZERD(4) 5 RHURO) , (ZERO{9), R2}, {ZEROLL14)+CAPV),
4 {ZERO(S)»RHORF} s (ZERD(LO0)»CP), (ZERQ(15) ¢y GAMMA)

DO 90 I=1,15
ZERO(L) = O.

READ LNPUT DATA,CALCULATE PROGRAM CONSTANTS, AND WRITE INPUT
CONDLTIONS

DATA CARDS
TLTLE - DATA IDENTIFICATION - 1 CARD (FORMAT 12A6)

NJ - NUMBER OF FILM THICKNESSES (FORMAT [3)

HMEAN - MEAN FILM THICKNESSES - 6 PER CARD (FORMAT 6F12.0})

$INPT - SEAL DIMFNSIONS, OPERATING CONDITLIONSs PHYSICAL
PROPERTIES OF GAS, LOGICAL VARIABLES
{READ BY NAMELIST/INPTY/)

READ {5,3) TITLE

READ (54+1) NJ

READ {5,2) {(HMEAN(J),J=1,4NJ)
WRITE (6,10Y

READ (5,INPT]}

PP1 5 P1

PREF = AMIN1{P1,P2)

AAA 5 ALPHA

MCUT = 1./SQRT{GAMMA)

NN = NGRID+1

JMOD = 59/{4+4NN)

AREA = PI*{R2¥%2-R1%%*2}
RDIFsR2-R1

C=P2/P1

CC=1.-C*C

PDIF=ABS(P1-P2)

R= RUNIV/MOLWT

RHOL= PL/R/{T+460.)1%4.4756636
A= SQRT{GAMMAXR*(T+460.)1%32.174Y
WRITE (6454) TITLE

Ve~NPNHUN-
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[aNeNe!

OO0

34

120

121

200

220

223

WRITE(6y11) ALPHA4P2,P1sT oMU, MOLWT,GAMMA,R23R1,LRHORU,RHORF NN,

1 SPEEDWCAPV,LCP,ASKIPy RSK[P,TSKIP
IF (NOUL) 50 TO 110

CONVERT INPUT DATA TO INTERNATIONAL UNITS

UI{1) = ALPHA

UI(2) = P2%6.8947T57T2E3
UI[3)Y = P1%6.,8947572E3
UI(4) = (T+460.)/1.8

UL(5)= MU*47.880258
Ul{6)= MDLWT

UI(7) = GAMMA

UT(8) = R2¥%2.54E-2
UL(9) = R1%2.54E~-2
UI(10) = L*2.54E-2
UI(l11) = RHORO*517.2026
UL{12) = RHDRF*517.2026
UI(13) = SPEED/60.

UL(14)= CAPV*,3048
UIL(15) = CP#.41865783E4

TEST LNPUT PARAMETERS AND OETERMINE OPERATING CONDITONS

IF (LJERASOL) L=PI*(RL+R2)
IF(RHORO.NE.O4) RHOLl=RHORO
ILF(SPEED.EQ.0.)} GO TO 120
CAPVsS PL*SPEED*{R1+R2)/720.

GO TO 200

LF(CAPV.NEL.OL.Y GO TO 121
TSKIP = .TRUE.

CP=0.

SPEED = CAPV%T720./PI/{(RL+R2)

DD 400 J=1,NJ
IHTAG(J) = O
HM = HMEAN(J)
DELX = RDLF/FLOAT{NGRID)

ILF (ALPHA.GE.O.) GO TO 210
X(Js1) = RDIF

X2 =0.

DELX = —-DELX

GO 10 220

X{Jol) = Ou

X2 = RDIF

H{Jsl) = HMEAN(J)+ALPHAX(X(J,1)-RDIF/2.).

H2 = HMEAN(J)+ALPHAX(X2-RDIF/2.)

HCHAR = H{Jy1)*H2/HMEAN{J)

MDOT(J)= HIHAR¥%3%RHO1*P1*L*CC/MU/RDIF*6.7029167
UAV= ABS{MDOT(J))*PLl/L/RHOL/AMINL{H(J 1) sH2)/PREF/13.405833
MACHMX({J)= UAV/A

LF (MACHMX(J).LT.MCUT) GO TO 223

IHTAG(J) =1

GO TO 400

REP{J)= 2.%PREFXUAVEHCHAR/MU/R/(T+460.)/2.6811667
IF (RHORF.NELJO.) GO Y10 221



eNeNel

o000

[aNeaNal

B

221
222

230

240

250

300

320
400

600

603

609

IF (ALPHAJNE.O.), AK1=-12.%MOOT{d)*MU*P1/L/RHO1/160.83333
RHOREF = PRESS(RDIF/2.)}/R/(T+460.1%4.4756636

GO TO 222

RHOREF = RHORF

RER{J) 5 RHOREF*CAPV*HMEAN{J)/MU/L2}

Q{J) = 13.083%MDOT{J)

KN(J) = 2.96%MACHNX(J)/REP(J)

IF (TSKIP) GO TO 240

"POWER(J)= MUXAREA*CAPV*%2/HMEAN(J)/6600.

DELTJ(J)=42.42%POWER(J)/ABSIMDOT(S)¥V/CP
HTOTAL(J) = 42.42%POWER(J)
TORQUE(J)= POWER(J)*3.3E4/SPEED

DETERMINE FORCE AND CENTER OF PRESSURE

IF (ALPHA.EQR.O.) GO Ta 250

AKL 5 —12.%¥MDOT(J)*MU*PL/L/RHO1/160.83333
K = 0

KK = 0

F(J)s SIMPSLIO.sRDIF,PXsK) %L

XC(J) = SIMPSL{O0.yRDIFPXX,KK)/F{J)%L

IF (K NELQ) WRITE (6421 )HMEAN(J)

IF (KK.NE.O) WRITE (6424) HMEANGJY)

GO TO 300

F(J) = L*RDIF%*(2.%P1l*(1.~-C*%3)/CC/3.~-PREF)
XCUJY = L¥RNIF*%2/F(J)%(2.%P1%(.4—-C%**3)/3,/CC-PREF/24)

DETERMINE PRESSURE, FILM THICKNESS, PRESSURE RATIO (P/PlYs
AVERAGE VELOCITY, AND MACH NUMBER AT EACH GRIO POINT

LF (ASKILP) GA TO 4cCO

PlJyl) s Pl

IF (ALPHA.LT.O0.) PlJsl)=P2

DO 320 I=1,NN

IF (L.EQ.1) GO TO 310

X{(JsL) = FLOAT{L-1)*DELX+X{Jyl)

H{Js 1) 5 HMBAN(J)+ALPHA*X{X(J,1)-RDIF/2.)

P{Jy L) = PRESS(XUJ,I))

PRAT(JI) = PLJyI)/PREF

UAVRG(Jy1)= ABS{MDOT(J))*P1/L/RHOL/P(Jy1)/HMEAN(J)/13.405833
MACH(Jy1)= UAVRG(Js1)/A

CONTINUE

CONTLNUE

CALL STFNSS{HMEAN,F,IHTAG+STIFF,NJ)

WRITE ROUTINF

WRITE (6412) RyRHOl,A,L+AREA,SPEEG,CAPV
WRITE(6413)

IF (NOT.RSKIP) WRILITE(6,14)

WRITE (6455)

IF (RSKLP) 60 TOD 603

WRITE (6456Y

DO 610 J=1, NJ

WRITE (6423) HMEAN(J)

IF (IHTAG{JY.EQ.0) GC TQ 609

WRITE (6420)

G0 T 610

WRITE (6415) MDOT(J)Q(J)yMACHMX(J)yREP(II,RER(JIIJKNLI)LFLI),



[aEeNel

[aNeXel

OO0

36

610

613
611
612

620

700

701

710

720

1 STIFF(J),XC(J)
LF (RSKIP) GO TO 610

NORMALIZE F AND XC

FBAR(J).=FLJYX/PDIF/RDIF/L
XCBAR(J)=XC (J)/RDIF
WRITE(6,16) XCBAR{J),FBAR(J)
CONTLNUE

IF (TSKILP) GO TD 612

WRITE (6417

DO 611 J=1,MJ

WRITE (6,23) HMEANI(J)
IFULHTAG{J).£€0.07 GO TO 613
WRITE(6,20)

GO TO 611

WRITE(64522) POWER(J),HTOTAL{J) +DELTJI(J) TORQUE(J)
CONTINUE

IF (ASKLP) GO TO 700

WRITE X AND PRESSURE DISTRIBUTIONS

JJ = 0

DO 620 J=1, NJ

IF (LHTAGIUJ) «NE.O) GC TO 620

JJd = Jd+1

ILF (MOD(JJ,IMOD).EQel) WRITE (6,57)
WRITE (6+18) HMEAN(J)

WRITE (64519) (X{Jds D) oPRAT(JyI) 4P (Js1)oUAVRG(IaI)yMACHOGI,E}y

1 I=1,NN)
CONTINUE

PLOT ROUTLNE

KODE = 6
PP(3) = 0.
PP{4) = O.

DO 701 J=1,NJ

IF (IHTAG{J).NELO) HMEAN(J)=-HMEAN(J)
CONTLNUE

If (ALPHAL.EQ.0.) GO TC 720

CALL ARRNG{HMEAN,XC +XPLOT,YPLOT,NJ,NP).
PP(1) = NP

WRITE (6432

CALL PLOTXYIXPLOT,YPLOT,KUODEPP)

WRITE (6540

IF (RSKIP) GO 710 720

LF [ALPHA.EN.D.) GO T0 720

CALL ARRNG{(HMEANyFBAR XPLOTYPLOT NJ»NPYX
PP({1) = NP

WRITE (6,38)

CALL PLOTXY(XPLDT,YPLOT,KODE,PP)

WRITE (6442

IF (TSKIP) GO TO 730

ILF (SPEED.EQ.O0.) GO TO 730

CALL ARRNG(HMEAN,POWER XPLOT,YPLOT,NJ,NP}
PP(L1)Y = NP

WRITE {6,34)

CALL PLOTXY{XPLOTyYPLOT,KCDE,PP)

WRITE (6443)
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e

(s NaEe!l

730

740

741
750

751

800

809

LF (ASKIP) G3 710 750

DD 741 J=1,NJ

IF (IHTAG(J)Y.NE.O) 6C TO 741

WRITE (64,37) HMEAN(J)

DO 740 I=1,NN

XPT(L) = X(J,l)

YPTLI) s PRATAJ,I1)

CONTENUE

CALL ARRNG (XPT,YPT¢XPLOT,YPLOT»NN,NP)
PP(1l) = NP

CALL PLOTXY{XPLDTsYPLOT,KCDE,PP)

WRITE (64461

IF (ALPHAL.EQ.0.) GO TO 750

CONT LNUE

DO 751 J=1l,NJ

IF (IHTAG({JX.NE.O) HMEAN(J)=—HMEAN(JY
CONTINUE

CONVERT TO INTERNATIONAL UNITS AND PRINT

LF (NOUI) GO TD 100
Ul(21l) = R*%5.38095
Ul(22)= RHOL1%517.2026
Ul{(23) = A*.,3048
UL(24)= L*2.54E-2
UL(25)= AREA*6,4515E-4
UI(26) = SPEEN.60.
UI(27)= CAPV*,30438
WRITE (6410}

WRITE (6454) TITLE

WRITE (6450F (UILL)s1=1,12) 4NNy {UI(I)yI=13,15),ASKIPRSKIP,

1 TSKLP»(UL(L),1=21,27)

WRITE (6,413)

[F { JNOT.RSKIP) WRITE (6,14)
WRITE {6451}

IF (JNOT.RSKIP) WRITE (6,56)
DO 810 J=1,NJ

UH = HMEAN(J)*2.54E-2

WRITE (6423) UH

[F (LHTAG({J).EQ.O) GO TO 809
WRITE (6420)

GO TO 810

UM = MDOT(J)*.75598TE-2
UQ = Q(J)*.47194744E-3

UF = F(J)*4,4482216

US = STLFF(J)}*1.7512683E2

UXC 3 XC{J)%2.54E-2

WRITE (6415) UM,UQyMACHMX{J) »REP(J)RERIJI) KNI}y UF;0S,UxXC
LF(.NOT.RSKIP) WRITE(6,16) XCBAR{J),FBAR{J)
CONT LNUE

IF (TSKIP) GO TO 812

WRITE (6452)

DO 81L J=1,NJ

UH = HMEAN(J)*2.54E-2

WRITE (6,23) UH

[F{IHTAG(J).NE.C) GO TQ 813

UP = POWER(J)*T7.4569987€E2

UHT = HTOTAL(J)#*17.597833

Ut = DELTJ(J)/1.8

UTRK = TORQUE(J)*1l.3558179
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WRITE(64,22) UPLUHT,UT,LTRK 301

GO 710 811 302
813 WRITE(64,20) 303
811 CONTLNUE 304
812 IF (ASKIP) GO TO 100 305

Jg = 0 306

DO 821 J=1,NJ 307

LF (IHTAG{JY.NE.O) GO TO 821 308

JJ o= JJ¥l 309

LF (MOD(JJ,JMOD)EQel) WRITE (6,577) 310

UH = HMEAN(J)*2.54E-2 311

WRITE (6,53) UH 312

DD 820 L=1,\N 313

UX = X(JyL)®2,54E-2 314

Up = P{J,L)*6.894T57T2E3 315

Uv= UAVRG(J,1)*.3048 316

WRITE (64519) UXyPRAT(J,1)pUPWUVyMACH{J,1) 317
820 CONTLNUE 318
821 CONTINUE 319

GO TO 100 3290

321

1 FORMAT (I3) 322
2 FORMAT (6F12.6) 323
3 FORMAT (12A6) 324
10 FORMAT (1H1,46HCOMPRESSLBLE SEALING DAM WITH SMALL TILT ANGLE) 325
11 FORMAT ({1HO»12HINPUT DATA -4/ 1HOs12HTILT ANGLE =2,F8.4, 326
1 9H RADIANS+/,1HOs6XyTHP24PSTA, 10X y7THP14PSTA,10XsTHT+DEG F43 10Xy 327

2 20HVLISCOSITY LB-SEC/FT2,10X,16HMOLECULAR WEIGHT,18Xs5HCP/CV,y /s 328

3 1H 52G17.54F13.034G25.59631.5,G2845+/,1H04Xs3HR2, INCHES 48X} 329

4 9HR 15 INCHES 99Xy 8HL  INCHES,10Xy15HRHO,LB-SEC2/F T4y 10Xy 330

5 20HRHO(ROT) L B-SEC2/FT4,10Xy17HNG OF GRLD POLNTS,/y1H ,3G1745, 331

6 G21.546G27.5¢1.224/91H0,6X 45HN,RPMS11X,8HV,FT/SEC§9X; 332

T 15HCP+BTU/LB-DEG Ry13X,6HSKIP A,8Xy6HSKIP Ry6X,6HSKEP T4/41H , 333

8 2617.5,618.5,L19,2L12) 334
12 FORMAT (1HO,17HBEGIN OUTPUT DATA,/,1HO,3X, 335

I 30HGAS CONSTANT,FT-LB/LB(M)-DEG R,4X,18HRHO{I) +LB~SEC2/FT4;6X, 336

2 21HA(SOUND SPEED)FT/SEC,/s1H 4G24.5+630.5,G625.54/+1HO, 3X, 337

3 BHL « INCHES 5 14X .8HAREA,INZ 3 14Xy 9HSPFED »RPMy 13X, 8HV»FT/SECe/s1lH 338

4 Gl4.543G22.5) 339
13 FORMAT (1HOw2X, 9HMEAN FILM,4X,6HMIDOT) 96Xs1HQ»8Xs 4HMACH,, 5X, 340
1 SHRE(P)s6X+5HRE(RY) 35X THKNUDSEN» 7TXy LHF s T Xy SHSTIFF,. 7X 4 2HXC) 341
14 FORMAT (1H+,110X,2HXC,8XnlHF) 342
15 FORMAT (l1H+,11X,2G1143,2F9.3,2F1043,F12.3,2G11.3) 343
16 FORMAT (1H+,103X,2F10.3) 344
17 FORMAT (1HOy16HMEAN FILM,.INCHES +8X,10HPOWERyH.P.y6X; 345
1 18HSHEAR HFEAT,BTU/MIN,5X,12HDEL{T)ZDEG Fy8X,y12HTORQUE,FT-LB) 346
18 FORMAT (1HO311HMEAN FILM =,G11.3,2Xy6HINCHESy /4 1HOy5X ¢ 8HX fINCHESy 347
1 4XyBHP/PIMIN) , TXySHP s PST 56X 12HULAV) o FT/SEC, 4X » 7THMACH NOJ 348
19 FORMAT (1H %Gl4.3,4614.5) 349
20 FORMAT (1H+,77X,18HANALYSLS NOT VALID) 350
21 FORMAT (1HO,.26HFOR MEAN FLLM THICKENESS =,61545,3X, 351
1 14HF IS LNCORRECT) 352
22 FORMAT (1H+, 15X+4G20.5) 353
23 FORMAT (1H ,Gl1l.3) 354
24 FORMAT (1HO,26HFOR MEAN FLLM THICKENESS =4G15.5,3X%, 355
I 15HXC LS INCORRECT) 356
30 FORMAT (2HPT,5SHPLOT OF M{DOT) AND Q@ VS H{MEAN) WHERE Q = 13J5083%M 357
t{ooT) ) 358
32 FORMAT (2HPTY,23HPLOT OF X(C) VS HUMEAN)) 359

33 FORMAT (2HPT.28HPLOT OF MOOT{(BAR) VS H(MEAN)) 360



34 FORMAT (2HPT,24HPLOT OF POWER VS H(MEAN)).

37 FORMAT (2HP T,3SHPLOT OF P/P{MINY VS X FOR H{MEAN] =,G15.5%)

38 FORMAT (2HPT,25HPLOT OF F({BAR) VS H{MEAN))

40 FORMAT (2HPL,50HXC ON VERTICAL SCALE - H{MEAN) ON HORIZONTAL SCALE
1 +/92HPL% /9 2HPL,.10X,56HXC IN INCHES — TO CONVERT TO METERS, MULTIP
2LY BY 2.54E-2 /32HPL,/»2HPL,10X461HH{MEAN) IN INCHES - TO CONVER
3T TO METERS's MULTIPLY BY 2.54E-2 )

41 FORMAT (2HPL,54HM{BAR) ON VERTICAL SCALE - H(MEAN) ON HORIZONTAL S
1CALE 3/ 32HPLy /4 2HPLyLOX423HM(BARY IS DIMENSIONLESSs/92HPL /4 2HPL,

2 10X»61HH{MEAN) IN INCHES - TO CONVERT TO METERS; MULTLPLY BY 2.594
3E-2)

42 FORMAT (2HPL,54HF (BAR) CN VERTICAL SCALE - H{MEAN)} ON HORIZONTAL S
1CALE o/ 4.2HPL /4 2HPL,10%X,23HF(BAR) IS DIMENSIONLESS,/§2HPLy/,2HPL
2 10X n6lHH(MEAN) IN INCHES - TGO CONVERT TO METERSy MULTIPLY BY 2.54
3E-2)

43 FORMAT (2HPL,53HPUWER ON VERTICAL SCALE - H{MEAN) ON HOREFZONTAL SC
1ALEy /42HPL, 742HPL, 10X, 61HPOWER IN HORSE POWER ~ TO CONVERT TO WATT
25y MULTLPLY BY 745.74/42HPLy/42HPLy10X,61HH(MEAN} IN INCHES - TO C
30NVERT TO METERS, MULTIPLY BY 2.54E-=24s/,2HPLs/4y2HPL,50HFOR SHEAR H
4EAT IN BTU/MIN, MULTIPLY POWER BY 42.42)

46 FORMAT (2HPL.S5OHP/P{MLN) ON VERTICAL SCALE - X ON HORIZONTAL SCALE
1y /9 2HPL o/ g 2HPL s 10X 25HP/P (MIN) IS DIMENSIONLESS,/,2HPL, /4 2HPL 410X,
2 55HX IN INCHES - TO CONVERT TO METERS, MULTIPLY BY 2.54E-2)

50 FORMAT (1HO,12HTILT ANGLE =4F8.449H RADLANS,/y1HO,5Xs7HP2,N/ M2,

IXy THP Ly N/M2, 10Xy THT,DEG KylOXp16HVISCOSITY,N-S/M2,10X,

16HMOLECULAR WEIGHT 14X n5HCP/CV e/ s1H +Gl4a59G1l7459F14.04G2425y

G26.53627e59/91H0 24X GHR2 yMETERS 4 7X»9HR1 yMETERS,,9X 4y 8HL yMETERS

13X 9 9HRHOyKG/ M35 12Xy L4HRHOIROT Yy KG/ M3, 10X,

L7HNO OF GRID POINTSy/51H 4614e53G17.50n618.54,621.54G22.%41214/4

LHO 6 X y.SHN $RPS 112Xy 5HV M/ S 39Xy 13HCP»IJ/KG-DEG K»

LOX #OHSKILP A6 Xy 6HSKIP R 36X 6HSKEP T4/ lH 2G15.53G17.5,

Gl8.454L2042L12,/41HO, LTHBEGIN QUTPUT ODATA,/,41HO;3Xy

23HGAS CONSTANTJ/KG-DEG Ky10X12HRHO(1) ¢KG/M3,10X;

LBHA(SOUND SPEED) yM/Sy/321H 2G20.5+G31.59G23.5+/91H0y 3X,

BHL nMETERS 515Xy THAREA yM2 1 5X »OHSPEFDyRPS 915X s5HV; M/ 8¢/ 411 4614.5,

3G23.5).

51 FORMAT (1H 44Xy 6HMETERS)SXy6HKG/SEC +5X 34HSCMS 36Xs SH(MAX) ¢25Xy
1 6HNUMBER ;SX . THNEWTONS 34X » 6HKG/M 46X 3 6HMET ERS)

52 FORMAT (1HO,16HMEAN FILM,METERS,y7Xs LLHPOWER . WATTSy8X,

1 16HTOTAL HEAT,WATTS,6Xs12HDEL(T) 4DEG K,8Xy 10HTORQUE yN—M}

53 FORMAT (1HO»l1HMEAN FILM =,G14.532Xs6HMETERSy /4 1HO,S5XyBHX METERS
1 4Xy8HP/P(MLN)y 7Xy6HP +N/M2,6X5 11HU{AV )M/ SECy5X,7THMAGCH NO}

54 FORMAT (1HO.12A6)

55 FORMAT (1H ,3X,6HINCHESy6X,6HLB/MEINYS5X»4HSCFM,6X, 5H{MAX) y25Xy
1 6HNUMBER $8X,.2HLB 46Xy 5HLB/INySXy6HINCHES)

56 FORMAT (1H+,109X,3HBAR,7X »3HBAR)

57 FUORMAT {1H1)

N X 0R N DH VN~

END
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$IBFTC PRESR

c
C
c

100

101

PRESSURE FUNCTIDN

FUNCTION PRESS(X)
COMMON/ INTGRL/PLyP2,ALPHAWCRDIF,HM,AK

Yy = X

LF (ALPHA.NE.O.) GO YC 100

Y = PL%SQRT(1.-C*YY/RDIF)

G0 TO 101

AA = HM~ALPHA*RDIF/2.

YOIF = YY/RDIF

Q = P1¥%2%{1.—-YDIF*C)+AK/ALPHA®X((L.—-YDIF)/AA%%2-(1./1
1 ALPHA*YY+AA)**2-YDLF/(ALPHAXRDIF+AA)¥%2))
Y = SQRT(Q)

PRESS = Y

RETURN

END

$IBFTC FPDX

c
C
C

EXTERNAL FUNCTION FOR INTEGRAL (P-P1l) DX

FUNCTION PX{Y).
COMMON/INTGRL/P1,PREF+A4BC,404E
Yy=Y

PX = PRESS(YY.)-PREF

RETURN

END

$IBFTC FPXDX

C
c
C

40

EXTERNAL FUNCTION FOR INTEGRAL (P-P1)XDX

FUNCTION PXXL1Y)

COMMON/ LNTGRL/P1yPREF,A48,CyD,HE
YY=Y

PXX 5 (PRESSIYY)-PREF)*YY
RETURN

END
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$IBFTC DERLV

c
C
c

OO0 00

aNaKe]

100

110

120

130

200

230

231

LAGRANGE NUMERICAL DIFFERENTIATION QVER MAXIMUM OF 5 POINTS

SUBROUTLNE STENSS{XXeYYsITAG,DDYMAX)
DIMENSION XX{50)yYY{50),ITAGI50)4DDY{50)+X(501,Y{50),DY(50)4A5¢5)

ELIMINATE INVALID POINTS AND ARRANGE VALID POINTS LN ASCENDING
ORDER. IF THERE ARE LESS THAN 2 vALID POINTS, NO OIFFERENTIATION
LS POSSIBLES

MM = 0

NI 110 M=1,MAX

IF UITAG{M).NE.V} GO 70 110
MM = MM+1

X{MM) = XX(M)

Y(MM) = YY (M)

CONTLNUE

LF (MM.GE.2) GO TO 130
DO 120 M=1l,MAX

DDY (M) = 0.

RETURN

CALL SORTXY (XY, MM)

SET UP MATRIX OF X DIFFERENCES FOR EACH POINT X(K)

N = MLNO{MM,5)

DEBUG N,MM

DEBUG (X{M), Y{M) M=1,MM)
DO 250 K=l,MM

IST = MAXO(K-2,1).

LST s MLNO(MM-N+1,IST)
IN = IST+N-1

DEBUG Ky LST,IN

DO 211 LL=IST,IN

I = LI-IST+1

DO 210 J#=IST,IN

J = JI-IST+1

AlTed) = X{ID)-X0JP)
CONT LNUE

DEBUG (A{L,JJ)yJJ=1,N)
CONT LNUE

FORM SUMS AND PRODUCTS FOR DERIVATIVE FORMULA

S1 = Q.
S2 = 0.
P2 = 1.

DO 231 LI=IST,IN
IF (IL.EQ.K) GO TO 231
I = LL-LST+Y

Pl = X{IL)-X{K)
$2 = $2-1./P1
P2 = p2%pl

DO 230 JJ=14N

IF (L NEJJJIX P1=P1%*A(L,JJ)
CONTINUE

DEBUG Pl,Y(II)

S1 = S1+Y{1L)/P1

CONTINUE
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IF ((N/2)%2.NELN) $2=-S52 509

DEBUG S1%52,P2 510

c 511
c DERIVATIVE 512
c 513
KY = S2%Y(K)Y+P2%S] 514

DY(K) = KY 515

250 CONTLNUE 516

c 517
C PUT CALCULATED DERIVATIVES IN ORDER TO CORRESPOND TO INPUT XX 518
c ARRAY 519
c 520
300 DO 320 M=1,MAX 521
IF (LTAG({M).NE.O) GO TO 320 522

DO 310 LI=1.+MM ' 523

LF (XX{M).NF.X{(IL)) GO TO 310 524

IF ((N/2)%2.NE.N) GO 70 311 525
DDY{M) = -DY(LI) 526

GO TO 320 527

311 DDY{M) 5 DYLII) 528
GO TO 320 529

310 CONTINUE 530
320 CONTLNUE 531
DEBUG (XIM) DY (M) yM=1,MM) 532

c 533
RETURN 534

END 535
$1B8FTC SMPSR1 536
c 537
c NUMERICAL INTEGRATION BY SIMPSONS RULE 538
C 539
FUNCTION SIMPSL{XMIN,XMAX,FUNCL+KERY 540
DIMENSION V(200),H(200),A{200) «B{200),C{200),P{200)sE(200),NE(200) 541
EQULVALENCE (E,NE) ,{TESTNTEST} 542
T=3.0E-5 543
VI1)=XMIN 544
H(1)=S0.5%{XMAX-XMIN) 545
A(1)=FUNCY(XMIN) 546
B{1)sSFUNCLIXMIN+H{1)) 547
C(1)SFUNCL{XMAX) 548
PLLY=HI LY R{A(L)+4.0%B{1I¥C (1)) : 549
E(1)sP(1) 550
ANS=P{1) 551

N=1 552
FRAC=2.0%T 553

1 FRACS0.5%FRAC 554

2 TESTSABS({FRAC*ANS) 555

K=N 556

3 DO 7 L=1,K 557

4 LF (NTEST-IABSINELI))) 5+5,7 558

S N = N+l 559
VIN)sSVITI+HL(D) 560
H{N)S0.5%H(1). 561
A(N)=B(I) 562

42



B{N)SFUNCL(V(N)+H{N))
C(N)=C(L)
PIN)SHIN)*({AIN)+4.0%B(N)£C(N))
Q=P(1)

H{I)sH({N)
B{I)SFUNCLI(VIL)+H(I))
C(I)sA(N)
PLI)sHIL)*(A{L)+4.0%B([)£C (L))
Q=P (L) +PIN)-Q

ANS=ANI+Q

E(l)=Q

E(N)=Q

IF (N=-200) 7413,13

CONT LNUE

IF (N-K) 9,942

Q = 0.0

DO 11 I=sl,N

Q=Q+E(])

LF (ABS(Q)-T*ABS{ANS)) 14414,1
KER=KER+1

ANS=0.0

DO 16 I=s1,N

ANS=ANS+P(I)
SIMPS1IS{ANS+Q/30.0)/3.0

RETURN

END

$IBFTC RRANG

c
c
c

100

101

SUBROUTINE TO ARRANGE ARRAYS TO BE PLOTTED

SUBROUTINE ARRNG (XysY s XPsYPyN,IYX
DIMENSION X125)4,Y{25) +XP125),YP(25)
L =1

DO 100 J=1,N

IF (X(J)ilLTL0.) GO TO 1060
XPLI) = Y{J)

YP(LL) = XUJY)

I = L+l

CONTLNUE

I = 1-1

CALL SORTXY (XP,YP,IL)

LT = L/2

DO 101 J=l, LI

[J = L-J+Y

T = YP(J)

YP(JY = YP{LJ)

YP{IJ) = 7T

T = XP(J)

XPLJ) = XP(LJ)

XP(ry) =1

CONT LNUE

RETURN

END

“01* UNITOSy EOF.
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APPENDIX D

EXAMPLE PROBLEM

An example of the use of the computer program is given with the following condi-
tions: Air, internally pressurized at 65 'psia, is to be sealed from ambient air at 15 psia.
The mean temperature is 100° F. The sealing dam outside diameter is 6. 630 inches,
inside diameter is 6. 530 inches, and the design speed is 1398 rpm. Mean film thick-
nesses of 0.1 to 1, 0 mil are to be investigated in increments of 0. 1 mil for parallel

surfaces and a positive and negative tilt angle of 1.0 milliradian. Thus,

Units.

Pressure at inner radius or inlet, Pl’ psia 65
Pressure at outer radius or outlet, P,, psia 15
Temperature, T, Op 100
Inner radius, Rl’ in, 3. 265
Outer radius, R, in, 3.315
Mean film thickness in increments of 0.1 mil, h , mils 0.1t0 1.0
Relative inclination angle of sealing dam surfaces, rad 0, +£1. 0><1()_3
Design speed, rpm 1398
Molecular weight of gas, m, Ibm/lb-mole 28.966
Absolute or dynamic viscosity, u, lb-sec/ft 3.96x1077
Specific heat at constant pressure, Cp, Btu/()(°R) 0.24
Specific heat ratio, Cp/cv 1, 4J

about 0, 39 minute on the Lewis computer.

44

The data sheet for this sample problem is shown in table ITI. The sample output with
all possible output options is shown in both English units and International System of
Note that the analysis is not valid for a mean film thickness of 0.4 mil and larger.
The Mach number has exceeded 1/ ‘/)7 = 0.845. The execution time for this problem is



Sy

TABLE III. - DATA FOR SAMPLE PROBLEM

TILE PROJECT NUMBER ANALYST
SHEEY F
STATEMENT 2
e 2 FORTRAN STATEMENT ENTIFICATION
12 345 678 910 I8 120131615 16 17 18 19 20 21 22 23 26 25 26 27 28 29 30 31 32 33 36 35 36,37 38 39 40 4§ £2 &3 44 65 66 L7 L8 .49 50 51 52 53 54 55 56 57 58 59 60 6] 62 6564 65 6667 68 69 70 7172 7376 1576 17 7679 81

t
SAMPLE PROBL EM

1.4 - N -
0.0010 ,, . ., 0.0009 , 0.0008 ,,. ., 0.0007 ,, . . 0.0008 0.0005
e NI - NN,
0.00045 , . . 0.0004 .. 0.00035 0.0003 0,.00025 0.0002 ., -

0.,00015 ., 0.0001

SINPT_ALPHA=0.0,, L=0.0s SPEED=1398., CARPV=0.0, MFLWT=28.966, Pl=65.. P2sl5..,

f—pm ——t '

o

_r=10C., R1=3.265, R2=3.315,

RHZRP=0.0, RHARF=0.0,, MU=3.96E-7,, CP=.24

B ot LT B e b e b ——y

GAMMA=1.4, NGRID=10, ASKIP=F, RSKIP=F, TSKIP=F, N@GUI=F $

 $INPT ALPHA=.001 $

.
U
L $INPT ALPHA=-.001 $
j
o e =
. . . S
i
- —
| | , e L

]I 2 3 4 5|67 8 910 I i2[13 16 15 16 17 1B|I9 20 21 22 2526}2526 27 28 29 30/ 31 32 33 54 35 36|37 38 39 40 4l I‘ZIASLLASA«SU 48|49 SO 51 52 53 54/55 56 57 58 59 60[61 62 6364 65 66{67 68 89 TO N 72|75 7. 157677 78719 &




CUMPRES>IoLE StALING UAM wiTH SMALL

SAMPLE PrUbLEM

INPUT UATA -

TILT ANLLE = J. RAULANS
P2aPSLA PLsPSIA
15.00uC [ PRVIVAVIV]

Rég INLHES KLy INCHE Y
3.3150¢0 3426500
NeRPM VeF T/5€C
V] 4 Co UULU

BEGIN UUTPUT UATA

GA> CUNSTANIT fFI-LB/L(M)-DEL &
9343022

Ly INUCHEDS
PAV ISV IVIVIY]

AREA I N2
L.U3358

MEAN FILM
INCHLES
Ce LlUOE-UCZ
C.9u0L-03
Ce800t-03
Ce7C0E-U3
Ce6U0E~-0U3
Ca500E-0U3
Ce45UE~03
Ca4GOE-03

Ce350E~U3 U, loo 20 L T4
Ce30UE-U3 0.1lubd ledo9
CodbUE-LI UL b05E—CL  UaT732
Ce2U0E~0U3 O 3LVUE-Cl (.4 00
CelH0E-U3 V. 131E~ULl V.17l
Ce WWOE-U3 V.387e-C2 0.5UE-UL

M{oUT) &
Lo/MiN SCFM

MEAN FILM,iNLAES
Ce 100E-0U2
Ce9200E-03
C.80uE-03
Ce70UE-V3
Ce60UE-03
Ga500-03
Ce450E-03
Ge4QUE-U3
Ce390E-U3
Ce 300E-U3
0e250E-U3
C.2UUE-U3
Cel150E—-u3
Ce1l00t-03

POWERyHPe

Ue 20350E~03
0. 33079E-03
0. 39090Uc—03
Us 4961 2E-03
0.66149E-03
0s99224E-03

LT ANoLE
T,0t6 F VISCUSITY,LB-SEC/FT2
Luo. 0.39600E-06
LI NCHES RHO,LB-SEC2/FT4
£U.0039 0.93000E-02
CPe8TU/LB-UEG R SKIP A
Ue240J0 T

RHU(L) yLo-SEC2/FT4 A(SOUND SPEED),F

0e93000E-02 1160.08
SPEED s RPM Vs FT/S5EC
13323.21 40.0000
MAaCH RE(P) RE(R) KNUUSEN
{MAX) NJMBER
0.711 273.048 17.677 0.008
0.522 171.949 15.152 0. 009
0.303 99.507 12.626 0.011
Vel 32 50.948 10.101 0.013
0.i31 21.494 7.576 0.018
0.058 b.308 5.051 Ve 027

SHEAR HEAT ,8TU/MIN DEL(T}), DEG F

Uel2026E-01 0.30161
0.14030E-01 0.55877
0.16836E-01 l.15867
U.21045E-01 2.82878
0.2800 LE-01 8494033
0.42091E-01 45,2604

MOLECULAR WEIGHT
28.9660

RHO(ROT) ,LB-SEC2/F T4
0.60000E-02

SKIP R SKIP T
F P
1/SEC
F STIFF XC
L8 LB/IN INCHE S

ANALYSIS NOT VALID
ANALYSIS NOT VALID
ANALYSIS NOT VALID
ANALYSIS NDT VALID
ANALYSIS NOT VALID
ANALYSIS NUT VALID
ANALYSIS NOT VALID
ANALYSIS NOT VALID

30.208 -0 0. L70E-01
30.208 0 0. 170E-01
30.208 0O 0.170E-01
30.208 0 0. 170E~-01
30.208 O 0. 170E-0L
30.208 O 0. 170E-01

TORQUE, FT-LB
ANALYSIS NOT VALID
ANALYSIS NOT VALID
ANALYSIS NOT VALID
ANALYSIS NUT VALID
ANALYSIS NOT VALID
ANALYSIS NOT VALID
ANALYSIS NOT vALID
ANALYSIS NDOT VALID

0.67150E~02
0.78342E-02
0.94010E-02
0.11751E-01
0.15668E-01
0.23503E-01

NO OF GRID POINTS

XC
BAR

0.339
0.339
0.339
0.339
0.339
0.339

cp/cy
1.43330

11

BAR

0.604
0.504
0.624
0.504
0.604
0.604



PRI

Ly

PLOT UF PUWER V> HIMEAN)

U. 00080

Ue OUVBD

C. 00040

P e e e e e e e e e b e e e e e b e e e s e e e e b e b e e e b

0.000100  0.0U0LZ> 0.000150 0.J00L75 0.000200 0.000225 0,000250 0.000275 0,000300 0.000325 0.003350

s UOLUD*~ — --
*
*
*
E 3
*

€. 00U2U1 -— e e

U.000LUC  0.U00L2Z5 0.0U015J U.J0UL75 0.000200 0.000225 0,000250 0.000275 0.000300 0,000325 0.000350

PUWER ON VERTICAL SCALE -~ A(MEAN) UN HURLZUNTAL SCALE
PCWER [N HUKSEL PUWER — Tu CLNVERT TU WATTS, MULTIPLY BY 745.7
HIMEAN) IN INCAES — (0 CONVERT TU MeTERS, MULTIPLY BY 2.54E-2

FUK SHEAR HEAT In BTU/MIN, MULTIPLY PCWER BY 42.42




8%

CUMPKED>IBLE SEALING UAM wilTd o>MALL TILT ANGLE

SAMPLE PrROBLEM

TILT ANGLL = U RADIANS
Peyni/n2 PLlsN/M2 Ty0e6 K VISCOSITY N-S/M2 MOL ECULAR WEIGHT cp/Ccv
UsbU34ce Co Jeasslor vo 311, 0.18961E-04 28.9660 1.40000
KepmElERD KlsyMETERS Ly AETERS RHAOy K G/ M3 RHO(ROT) 4KG/M3 NO OF GRID POl
V.842ule-C1 Ued2931lE-Vl U.5U8u0 4,80998 3.10322 11
NycP o VaM/ > CPyJ/ KG-DEG K SKIP A SKIP R SKIP T
¥ 1241920 L1u04.78 T F F
BEGIN JuibPul uaTA
GAS LUNSTANT yJ/Kb=-DEG K RHUE L)Y sKG/ M3 A{SCGUND SPEED)M/S
2d7.0006 4480990 353.591
LeMETERS AREA yM2 SPEEDs RPS ViM/S
U508ud Ue 00083E~03 2342202 12.1920
MEAN FiLm M(ouUT) u MALH KE(P) RE(R) KNUDBSEN F STIFF XC XC
METERD K6/ >kC >C M> (MAX) NUMBER NEWTONS KG/M ME TERS BAR
0« 254E-u4 ANALYSIS NOT VALLD
Ue229E~Ua ANALYSIS NOT VALID
Ue 20304 ANALYSIS NOT VALID
0« 178c-04 ANALYSIS NOT VALID
O l52E-us ANALYSIS NOT VALID
Oel27E-v4 ANALYSIS NOT VALID
Gell4E-U4 ANALYSIS NOT VALID
0. 10E-u4 ANALYSIS NOT VALID
C.889YE-UH Osllob-L2 Veludt-U2 Uo7l 273.048 L7.677 0.008 134.373 -0 0. 431E-03 0.339
0.762E-09 U.791E~U3 Q.o46c-v3 0.922 L71.949 15.152 0.009 134,373 0 0.431E-03 0.339
Oe€35E~-UY U.458E-03 V.374c-03 G363 99.507 l2.626 0.011 134.373 O 0.431E-03 0.339
Ue5C8E-UD 0e234E-03 JUalvik-v3 Vel 32 5U.9438 10.101 0.013 134,373 ¢ 0. 431E-03 0.339
Ce38lE-U5 U.989E-04 W.007E-V4 Oel sl 21l.494 7.576 0.018 134.373 0O 0.431E-03 0.339
Ge254E-0H U.293E-04 V.239:-~U4 U.028 6.358 5.051 0.027 134,373 ¢ 0.431E-03 0.339
MEAN FILM,MEILRD> PUREK ynATTS TUTAL HEAT ¢WATTS DELIT)0OEG K TORQUE yN—M
UecD4E-04 ANALYSIS NOT VALID
Oecd9E-04 ANALYSIS NOT VALID
Qe c03E-04 ANALYSIS NOT VALID
CelToE-U4 ANALYSIS NOT VALID
Qe LH2E- G4 ANALYSIS NOT VALID
0. 1276-04 ANALYSIS NOT VALID
O.ll4E-04 ANALYSIS NOT VALID
Oe LU2E-U4 ANALYSIS NDT VALIO
(. 889E~05 Je 21140 0.21163 0.16756 C.91043E-02
Qe 762E-05 0 24004 024690 0.31043 0.10622E-01
Ce635E-05 Q0s29597 0.29628 0.64370 0.12746E-01
0. 5L8E~ U5 Ue 36996 0.37435 1.57154 0.15933E~-01
Ue381E-05 U. 49328 0.49381 4.96685 0.21243E-01
0.254E-u> 0. 73991 0.74071 25.1447 0.31865E-01

NTS

BAR

0.6%4
0.604
0.504
0.504
0.604
0.604%



6%

CUMPRESSIBLE SEALING
SAMPLE PRLBLEM

INPUT DATA -

TALT ANGLE = 0.

P2yPSIA
IS RRVIVIVE

K<y INCHE S
331500

NyuPM
1368.u(

BEGIN DUTPUT VATA

GAS CONSTANT F1-LB/LBIM)-UEL R

DAM wiTH SMALL TILT Ahoulc

RADIANS
PLyPSIA T,0c6 F VISCOSITY,LB-SEC/FT2
05. VYUV Luo. 0.39600E-06
RilpdnuHES Ly INCHES RHUSLB-SEC2/FT4
3.205U0 J [¢]
vyk I/>EL LP,yBIU/Lb—VEG R SKiIP A
[¥] U24000 F

RHUUL) ) LU-SEC2/FT4

b3.43522 U.97371k-02 1160.08
Ly INCHES ARE Ay INZ SPEEU,RPM V,FT/SEC
2U.671/( L.u3358 1394.00 40.1375
MEAN FILM M{oOT) W MACH RE(P) RE{R) KNUDSEN
INCHES LB/MIN SLFM {MAX) NUMBER

CelUVE-U2

C.90E-03

C.800E-0U3

CeTUOE-U3

C.600E-U3

Co500E~U3

Caa450E-03

Ca4GUE-03

Ues50E-uU3 wv.idY 2e 302 Uafll 273.0438 20.889 0.008
Co3CUE-03 V.l13 le4adl Ue222 171949 17.905 0.009
Cecb50E-U3 Ue&55c-CL  Qoda? Us363 99,507 14.921 0.011
Coe20UE-U3 U.33bE-Ul U.439 Je232 50.948 11.937 0.013

Co l50E-U3 0. 442E-01 0.ldd U.l31 2l.494 8.953 0.018

Ue 1O0OE-03 0.419E-02 0.549E-01 U.U58 b.368 5.968 0.027

MEAN FILMy INCHES PUAEKHo P SHEAR HEAT ,8TU/MIN DEL(T),DEG F

o LOVE=-0Z

C.9UVE-U3

Le80UE=-U3

C.700E-03

Co 6CUE~03

0.500E-03

C.450E-03

Ce40QuUE~-U3

Ce350E-03 0. 28245E-03 0.12109E-01 0.28063
Ua30UE-03 0. 33302603 Velal27E-01 0.51990
Ce2506-03 U 39903E-0U3 0.16922E-U1 L.07807
C.200E-03 Qe 49954E-03 021 190£-01 2.63200

Co 150E-V3 0. 60605E-03 0.28254E-01 8.31843
C.100k-03 0 99907E-03 0.42381E~01 42.1120

MOLECULAR WEIGHT
28.9660

RHO(ROT) ,LB-SEC2/FT4

0

SKIP R SKIP
F F

A(SOUND SPEED), FT/SEC

F STIFF
LB LB/IN
ANALYSIS NOT VALID
ANALYSIS NOT VALID
ANALYSIS NOT VALID
ANALYSIS NOT VALID
ANALYSIS NOT VALID
ANALYSIS NOT VALID
ANALYSIS NDT VALID
ANALYSIS NOT VALID
31.223 -0
3l.223 0O
31.223 O
31.223 O
31.223 0O
31.223 -0

TORQUE,FT-LB
ANALYSIS NOT VALID
ANALYSIS NOT VALID
ANALYSIS NOT VALID
ANALYSIS NOT VALID
ANALYSIS NOT VALID
ANALYSIS NOT VALID
ANALYSIS NOT VALID
ANALYSIS NDOT VALID

0.67381E~02
0.78611E-02
0.94333E-02
0.11792E-01
0.15722E-01
0.23583E-01

T

XC
INCHES

0. 170E-01
0. 170E-01
0.170E-01
0. LTOE-OL
0.170E~-01
0.170E-0L

cp/CV
1.43000

ND OF GRID POINTS

XC
BAR

0.339
0.339
0.339
0.339
0.339
0.339

Ll

BAR

0.504
0.604
0,604
0.6204
0.604
0.604



0§

MEAN

MEAN

MEAN

FitMm =  JU.350e-C3 INLHES
Xe INUHES PP {MIN)
J 4433335
C.5u0e~-C2 a.12311
Geluue=CiL 3.90L5¢
CelvueL-tl 3.600607
Us2ude—-ClL 3.41v05
Le20E- (L 3.1l44c8
Jedulc— (L 2ed48UU
CedbOE~ {1 2edlool
CedUuc— (1L 2el3437
Usbd— ] Levobobo7
Ua2uu0k-CL L.uguuo
FiLMm = 0.3ude-03  InuHEDS
Ap INCHES P/PLimMiN)
¥] 4.33333
LedUUE-C2 44012311
Uetuve-ClL 3.9C157
Osldue=-Ci 3.60607
0.200E~CL 3.41505
Uelhue—-tL 1L 3.14400
Ge30U0c-(1 2e848U0
0.350E~-(L 2.516061
U.4ulc-CL el 3437
Ue450E—-Cl L.obobo7
UebuuE-L1 L.00000
FILM = U.250E-03 [NCHES
Xy ANUHE S PP IMIN)
[§] 4.33333
Qu.500E-C2 4eledli
UeloUE-CL 3.90157
Qe l5vE-Cl 3. 66607
U.20UE-Cy 3.41565
CeldVUE-LI 3.l44006
[VREXVIVI - o | 284800
Oedb0E-CL 2491661
Ue4u0E-CL 2413437
Qe4d0E~- L1 L.obbb1l
Os5ulE-ClL 1.u00UU

PyPSi
L1 TRVNIVIV]
ol. 8400
585235
L FRVIVIVIY]
blel23438
47.1099
4247200
37.7492
32.9l506
25, 00V0
L5.9vuU

PyPoi
69, UUUU
ol. g400
5865235
594000V
51.2348
47,1699
4. 7200
31.7492
3240150
2540000
15,000V

PyPoI
65, U0UY
ol.B40606
58e5235
5H.U0VU
91.2348
47.1099
4247200
37.7492
32.0156
25,0000
L5.0000

ULAV) oFT/5EC
199 436>
200071
211.432
224.977
£41.511
2624323
289 .6417
327.788
3804430
494 .949
824,915

ULAV] oFT/SEC
139.860U
146.991
155.338
165.2489
L77.430
192.7217
2124802
240.824%
233,922
363.0306
606 +Jb3

JIAV) yFT/5¢EC
97.1251
10277
1U7.373
1l4.784
123,220
133.838
L47.779
L67.239
197.189
2524525
420..875

MACH NU
0.16410
V.17246
v.18226
0.19393
0.20818
V.22613
U.249068
0.28256
U.33316
0.42665
U.T1109

MACH Nu
J.12056
0.12671
0.13390
0.14248
0.15295
Ue.lbols
UelB8344
0.20759
0424477
0.31346
052243

MACH NO
0.83723€E-01
0.87992E-01
0.92988E-01
0.98945E-01
0.10622
0.11537
0.127139
Ue.l44lo
V.16998
0.21768
0436280



19

MEAN FILM = U.2Uub-G3  INCided

MEAN

MEAN

Xe InLHES PP {MIND
[} 4e33533
LebUuk- (s 4ele3lil
Laluue~(1L 3e%Ula7
OelSut—C1 s.ub607
Uezuuc— (L1 3ealb05
VesouE~ (1L EPRTTeY)
Oeovuuc-C1 204800
Uedbuc- (1L 2ebloul
Ge4vuk—=L1L Zel3437
JeadbUe— L1 l.obood
UedUue-u L LeulLUG
FILM = QeloVe-03  INeAE>d
Xy IntntE S P /P IMIN)
0 “4e 33333
Ceduub—(2 4.12311
Veluve-Cl 2490107
Lel5UE-C(CL 3.06007
Ueluut- (L 3e4L500
Ueloub—-(1 3.1440606
Ja3luc~(1 Zab48Uy
LedbUE-(1L Zadlool
Ja4aluk—- L1 213434
Ga4bUE-CL lebboou?
Usbiut- (1 1 0LOUY
FILM = UsluJE-uU3  INLAEDS
Ko INUHE S PP IMIN)
V] 4433333
VPR IVIV e W 4e1e¢3ll
Qe lUui-CL 3.90157
Qelduc-Cl Je0bb07
G 2U0E-LL 3e4l505
Le25UE-(1 3.14406
Qe3u0kE-Cl 2.34800
Ve320c- (L 2edlool
Ue4UVUE~CL lel3a37
UesdbUE—-LL l.bvbbol
G.200E=C1 PRV IVIVIVIY]

PeP>SI
62. 000V
tl.B4o0b
98¢ 5235
55,00V
Dle.25438
47.1699
4c4 7200
37. 17492
32.ulb0
25.U0U0
L5400yl

PyPSI
0. U00LU
alet4ob
S8e 5¢35
55,0000
51.2348
47.1699
4le 7200
37.7492
32.015%0
254000V
[ SRRV

FaPSI
62,0000
vls84b0
Dbe 5235
55.0000
2l.2348
47.1699
42,7200
37.7492
32.Ul56
259. 00U
15,0000

U{AV),FT/5EL
02.1609
6543294
569.0399
73.4519
78.80V0
8O .0064
J4 .50l
lu7.333
1204201
Lbl.ble
269.300

UlAV) 4FT/SEL
34.9550
36,7478
38.8344
41.3223
4443591
48,1017
53.2005
6U.2060
70.9880
Y9031
151.915

ULAV) 4FT/SEC
15.5400
16+3324
17.2597
13.3055
13.7151
2l.4l4l
23.6%%7
26.7582
31.5502
40.4040
67.3400

MACH NO
0.53583E-01
0 .563156-01
U.59512E-01
0.63325E~01
0.67979E-01
0.73837E-01
U.81528E-01
0.92264E-01
U.10879

0.13931

0.23219

MACH NO

0.30L40E-01
0.3l677€E-01
0e33476E-01
04356206-01
0 «38233E-01
0.41533E-01
0.45859€E-01
0.51898E-01
0.61193E-01
0.783656-01
0.13061

MACH NO

0.13396E-01
U« 14079E-01
U«14878E-01
0.15831E-01
0416995E-01
0.18459E-01
0.203382E-01
0.23066E-01
0.27197E-01
0.34829E-01
0.58048E-01
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PLOT OF PUWER VS H{MEAN)

U.00ULUO 0U.000L25 Q.U00150 0.000175 0.000200 0.000225 G(.000250 0.000275 G.000300 0.000325 0.000350
0. 001 00%——=—~—=———— —— - ————————

1

1

1

1

1

1

1

1

1

1

i

1

1

1 =
=

i 1

1

1 1

1

1

1

1

1

1l *

1

i

1 |

i ]

1

1

1

1

i

1

1

1

! i

1 =

e QUULBY

Ue CUVQU

0. UUU40

Ve 000201 - —— ————
0.000100 0.000125 0.0uU0l>0 0.J00175 0.000200 0.000225 0.000250 0.000275 0.000300 0.000325 0.000350

POWER Un VERTILAL SCALE - HOMEAN) UN HURIZUNTAL SCALE
PUWeR IN HURSE PUWER — Tu CONVERF TO WATTS, MULTIPLY BY 745.7
LML AN [N INUHES — Td CONVERT Tu METERS, MULTIPLY 8Y 2.54E-2

FOR SHEAR HEAT IN pTU/MIN, MULTIPLY POAER BY 42.42




[

PLUT UF P/P(vilN) V> X FUR HIMeAN) = 0s35000E-03

Ue U. U5V ved iyl J.0150 0.0200

9, 0Ul=mm=mmmmmmm o —— e,

4400

3. 00

2. 00

1. 00

0.0250

0.0300

0.0350

0.0400

0.0450

2.2500

e e e e b e e e e e e B e e e B B B e e P e e R e e B e B e e B b e e b b e b b P e e e e e

['5
0. 0.00u 0.0100 0.0150 0.0200

P/PIMIN) UN VERTICAL SCALE - X UN HURIZUNTAL SCALE

P/PIMINY IS DIMENSIUNLESS

€S

X IN INCHES - TO CUNVERT TO METERS, MULTIPLY BY 2.54E-2

0.0250

0.0300

0.0350

0.0400

0.0450

0.0500



£

CUMPRESSIBLE SEALING UAM wllH SMALL fILT ANGLE
SAMPLE P<UBLEM
TILT ANGLE = Q. KADLANS
P2ynN/M2 PlyN/M2 Ty0EG K VISCOSITY yN-5/M2 MOLECULAR WEIGHT cP/Cv
Uelu3d42e 6 Uet@ gl o vo 3ll. 0. 18961E-u4 28.9660 1.40000
R2gMETER S RL,METERD Ly METERS RHO KL/ M3 RHU(RJT) yKG/ M3 NO OF GRID POI
Ue8420lt-41L Ue 82931 UL V) 0 o} 11
NP> VaM/S CPyJ/ KG-UEG K SKIP A SKIP R SKIP T
Z34.304u v Luo4.73 F F F
BECIN uUTPuT VATA
GAS CUNSTANT yJ/KG-bEL K RACI L) 9K/ M3 A(SUUNL SPEED)M/S
2870806 5.030600 353.591
L sMETERS AREA, M2 SPEED, wPS VeM/S
Uebdsio Ue06683E£-03 2343000 12.2339
MEAN FIuM M{vuT) [§] MACH RE(P) RE(R) KNUDSEN F STIFF XC XC
METERDS KG/ SEC SCMS {MAX) NUMBER NEWTUNS KG/M METERS BAR
Ua254E-04 ANALYSIS NOT VALID
Ce229E~04 ANALYSIS NOT VALID
Ca.203E-04 ANALYSIS NOT VALID
Uel7dE-04 ANALYSIS NUT VALID
Ce 152E-U4 ANALYSIS NOT vaLL)
Cal27E-04 ANALYSEIS NOT VALID
Co ll4E-u4 ANALYSIS NOT VALID
Ue 102604 ANALYSIS NOT VALID
Co889E-05 Usl30k-02 wvallle-U2 Qe7il 273.048 20.889 0.008 138.886 -0 0.431€E~-03 0.339
Ce762E—05 Uedb0E-0L3  Ue099:—-03 0,522 1T71.949 17.905 0.009 138.886 0O 0.431E-03 0.339
Ue€35E-U5 U.4S55E~(03 U.405%-03 Ue303 99.507 14,921 0.011 138.886 ¢ 0.431E-03 0.339
0508E-Ub Vec2b4E-C3 0.207E-03 0.232 50.9438 11.937 0.013 138.886 O 0. 431E-03 0.339
Cad8lE-uUn UL IUTE-G3 U.B8T74t-U4 O.l3l 214494 8.953 0.018 138.886 0O 0.431E-03 0.339
Calbakb-uUS UW3LTE-0C4 Ue229E-U4 O.uU54 6,368 5968 0.027 138.886 -0 0.431E-03 0.339
MEAN FLLA,MEIER S - POWER yWATITS TOTAL HEAT yWATTS DELIT),DEG K TORQUE s N—-M
Qe 254E- U4 ANALYSIS NOT VALID
Ue229E-0U4 ANALYSIS NOT VALID
0.2U3E-U4 ANALYSIS NOT VALID
0.178E-04 ANALYSIS NOT vALID
Oe L52E-u4 ANALYSIS NOT VALID
0.127E-04 ANALYSIS NOT VALID
OellaE-U4 ANALYSIS NOT VALI)D
Ce1C2E-04 ANALYSIS NOT VALID
Co BY9E~VO De21286 Ue21309 0.15591 C.91356E-02
UeT62E-UD Ue 240834 V24860 0.26883 0.10658E-01
0.635E-05 Ue 2930V 0.29832 0.59893 0.12790E-01
Ge5LBE-0bL Qe37251 0.37290 1.46222 0.15987E-01
0.381E-us Ue 49067 V.49721 4462135 0.21316E-01
0.254E-U5 0. 749Vl 0.74581 23.39506 0.31975€-01

NTS

BAR

0.604
0.604
0.604
04504
J0.504
0.604




G¢

MEAN

MEAN

MEAN

FlLa =
XembTerR S

v

UsleTe~C3
Qaldbe~ (3
Us30lc~(3
Q.5ude~L3
Ve 3DL= LD
O.762c~C3
Usbo9c~ L3
Usbulb~-C2
O.llae~-0C2
Uel2iE-C¢

Fliw =
KyoieTerd

v
Ual27e-0(3
Gelo4at— {3
Uesdite~-(3
O.5U0c-L3
Jaodou-(3
Uefo2E- L3
Cebbd9t— (3
Velu2e-(2
Uel L4t-(s
Usl27-(c

FlLw =

XeMEJER S
[§]
Uel2/L-C3
U.2vat-(3
Us3blE—C3
Ua5Udk—L3
Vs03ot~(C3
UeTult—-(3
Ueogdt— L3
OelulE-C2
Uallak-C2
Uel2ie-(2

JedoSuUE-05 MeTERS

P/PIMIN) PyN/M2

4433533 VedaoloL
4eLll3L1 Ja42ualE
3.9UL57 UeuU3nlE
3e0060606( LesT92lE
3.4l505 U.395325E
3el4400 Ue32223E
24848U0 0.29454 E
2e9lboL Je20U27L
2el3437 e leuT4E
L.bo6o? 0.l 72 7c
L.UUCuUL Ve LU342E

Ve l020UE—C2 McTERS

P/ tmlivg PaN/M2

4633333 U.448l6C
4al2311 0.42642E
sevulsl Je4U3VLE
Jevusod V37921 E
3ealbod Ve35325E
delaatu Je32523E
2 0430U Je 294 54E
Zavlool Qs20u27E
Z2.13437 J.220 74k
Let6667 U. L7237k
L.0U0uU U.lU342E

Ue €35U0E—L5 MeTERS

PP EMiN) P N/M2

4.33333 Us 44816k
4ell3ulk U.42o4lE
3.90L57 Ve.4U321lE
300007 0. 37921E
3e4lb05 Uea39325E
3el4400 Ue32523E
2.848J0 Us29404E
levlbol Us20U2TE
2eldasi Ue22074E
L.obto7 Ua 17231k
L.QuUuol 0., 1034¢E

ub
JUo
Qo
b
Jo
Uo
v6
uo
Qu
Jo

Jo
b
ve
911
Vo
Jo
Uo
0o
06
Uo
Qb

U(AV ) M/ SEC
58,0233
oU.981l8
04 4%%%
0d.5730
73.06l124
77.9559
8d . 2845
99,9098
117,842
1b0 .06l
251.434

ULAV )M/ SEC
4240294
44,8029
4743469
50,33ul
54.U0826
56,7431
04,8021
73.4031
80 .+5480
1iv.836
184.727

UlAV) ,M/SEC
29.06437
3L.1L31
32.3798
34.9862
37,5574
40,7938
45,0431
2U.9744
&£0.1032
16,9697
128.283

MACH NO
0.16410
Uel7246
0.18226
0.19393
0.20818
Ue22613
0.24968
0.28256
0.33316
0.42665
0.71109

MACH ND
0.12056
0.l2671
0.13390
Oe14248
0.15295
0.16613
0.18344
0.,20759
0.24477
0.31340
0.52243

MACH NO
0.83723E-01
0.d7992E-01
0.92988E~01
0.98945E-01
0.10622
0.11537
0.12739
0.l441l6
0.16998
0.21768
U.36280



9g

M EAN

M EAN

MEAN

Flem =
XyMETER S

V]

Oel27t-Co
Vel 54~ (5
Oeduoli—-0L2
Ua5u8E=-L3
Usb35e-(3
VeTlr~-013
UevbYE—-Cs
Ualuce-C2
Oellar—(2
VaelliE-C2

FiLm =

XeMeTERS
0
UeleT-103
Vel D4k—=(3
Ue30lk-C3
0.508c-(3
Ve 3o—C3
Va762E-03
Ued89E-(3
0.1026-C2
Oell4E—Le
Oel27E-C2

FILM =

XoMeTER S
Q
Qeleib—t3
0e254c-0L3
Jedsle—-L3
0.508E-C3
Ueb35E-C3
Ue762E-(3
Qe889E-C3
Qelulb-C2
Dellét-C2
0el27E-C2

Je 59 BUGE~0Y

P/PIMIN)
4.33353
4.12311
3.90L07
3.00007
3e4lbod
3el4400
2. 84000
Zeolobl
2413437
Le0OOOLT
JRPRVIVIVIS 1Y)

Je30l00E-0D

p/P(MIN)
4e33333
4.12311
390Ul 57
3e.06b07
3.41505
3el4400
2484300
2.51066l1
Zel3437
L.bbtol
1.000U0

Ua2b400E-05

PIP (MLN)
4433333
4sll3dil
3690107
3. 60607
3.41505
3e.1l440b0
284800
2sblobl
Z2al3al?
L.60t67
1.,00000

METER DS

PyN/ML
Je 443lbE VO
Us 42642t Qo
Us4U3blEe Vo
U«37921E 05
0.35325E Vo
Ue32923E Uo
UelY424E 06
0.26U27E 05
U.22074E Vb
Vel7237E Vo
U. 10342t 06

Mie TERS

PyN/M2
Je448l6E 06
Qe 42042t (o
Us4U3D1E Vb
0.37921E 06
0e35325E Uo
Ue32H43E Vo
U.29454E 0o
0.26027TE vo
U.22074E Vo
U.17237E V6
0.10342E ub

METERS

PyN/M2
O.448l6E vo
Os4l0642E Vb
0.4U351E U6
037921t Ueo
Ue35325E 06
0o 32523E Vo
Ue.29454E VO
0.26027E< 06
0.22074E 00
UJLT7237E 06
0.10342E 06

U{AVIyM/SEC
18.9464
19.9124
21.0431
22.3912
24.03067
26.1081
28.821b
3246230
38.4061
49, 2006
821310

ULAV ) M/ SEC
L0.6573
11.2007
Li.8367
12.5350
13.52006
l4.0858
1642155
18.3508
2l.6372
27.7091
46.1818

U(AV) s M/SEC
473660
4.978 10
5.260077
5.59779
6.00918
6452701
7.20089
6e15591
9.61l651
L2.3151
205252

MACH NO
U.53583E-01
Je56315E-01
0.59512E-01
U.033256-01
0.6793796£-01
0.73837E-01
0.81528E-01
U.92264E-01
0.10879
0.13931
U.23219

MACH NU
0.30140E-01
0.31677E-01
0.33476E-01
0.35620E-01
0.38238E-01
0.41533€-01
0.45859E~01
0.51898E-01
0.61193E-01
0.78365E-01
0.13061

MACH NO
0.13396E-01
0.14079E-01
0.14878E-01
0415831E-01
0416995E-01
0.18459E-01
0.20382E-01
U0.23066E-01
0.27197E-01
0.34829E-01
0.58048E-01



LS

CUMPRESSIBLE SEALING DAM WITH SMALL

SAMPLE PROBLEM

INPUT DATA -~
TILT ANGLE = 0.00l0 RADIANS
P24PSlA PlyPsia
15.000C 65.0000
RZy INCHES R1yINCHES
3.3150¢C 3.20500
NyRPM VyFT/5EC
1398.0C 4013175
BEGIN GUTPUT uATA
GAS CONSTANT,FT~LB/LB(M}-VEG R
53.3522
Lo InLHES ARE A N2
20.071L7 1.033%b
MEAN FILM M{uUT) "]
INCHES Lu/MIN SLFM
Ces LUUE-02
C.90UE-U s
C. 8CUE-U 3
Ce 2CUE~U3
Le6UUE-U3
Js50uk-u3
{«45UE-U3
Ca40UE-03
CedbUE-U3 WL LTV 24310
0.300E-03 wu.lll l.4bl
Le250E-03 Ue.b3bE=Ul Ue832
Ce2QUE—U3 Us320E-CL  0a4l9
Cal50E-U3  0U.130E-01 Wel70
Co IGUE~U3 U.d40L=Us Usablt-Ul
MEAN FILMs INLHES PUNERyAHe P
Ce LOUE-UZ
(.90ut-03
LenOUE-03
C.70ukt~-0u3
Co6UUE-03
L. 500E~-U3
L.450E-U3
Ce4UUE-US
Ce3DUE-U3 Qe 28545L—U3
Ce3UUE-Vs Vs 33302E-03
Ls250E~ U3 Je 39963E-03
C.2CUE-03 Ue49954L£-0U3
Colbuc-03 e bOLUBE-US
C.lbue-93 0 999U TE-U3

TILT ANulLE
TyOEG F VISCOSITY,LB-SEC/FT2 MOLECULAR WEIGHT
LU0, 0.39600E-06 2849660
L9 ILNCHES RHO,LB~-SEC2/FT4 RHO(RDT),LB-SEC2/FT4
20.07L7 0 0
CPydTU/LB-VEG R SKIP A SKIiP R SKIP T
0.24000 F F F
RHO(L},LB-SEC2/FT4 A{SOQUND SPEED), FT/SEC
Q.9737LE-02 1160 .08
SPEED,RPM Ve FT/SEC
1398.00 40.1375
MALH RE(P) RE(K) KNUDSEN STIFF XC
{MAX}) NUMBER LB L8/IN INCHES
ANALYSIS NOT VALID
ANALYSIS NOT VALID
ANALYSIS NOT VALID
ANALYSIS NOT VALID
ANALYSIS NOT VALID
ANALYSIS NOT VALID
ANALYSIS NOT VALID
ANALYSIS NOT VALID
V.754 208,097 19.865 0.008 29.507 ~0.464E 04 0.18lE~0l
Usbbd  1B2.424 16.879 U.009 25.220 —0.677E 04 0.l80E~0L
U.391 106.207 13.393 0.011 284819 —0.954E C4 0.179E~-01
Ua.2b3 24.071 10.907 0.014 284221 =0.147E C5 0.177E~-01
Osl44 23.0494 7.924 0.019 274240 -0.,2628 05 0.174E~0L
0.004 6e559 4.960 0.029 25.387 ~0.506E 05 0.169E~01
SHEAR HEAT yBTU/MIN DeL{T )4 DEG F TORQUE,FT-LB
ANALYSIS NOT VALID
ANALYSIS NOT VALID
ANALYSIS NOT VALID
ANALYSIS NOT VALID
ANALYSIS NOT VALID
ANALYSIS NOT VALID
ANALYSIS NOT VALID
ANALYSIES NOT VALID
Y. 12109E-01 0.28497 0.67381E-02
vel4l27-01 0.53089 0.73611E-02
Uel695¢E-0L l.11107 0.94333t-02
0.21199Ek-01 2475934 0.11792E~01
V.Z2824d4E-0l 9,05200 0.157226~-01
Oeal23ss LE-OL 5L.1084 0.23583E-01

ce/cyv
1. 40000
NO OF GRID POINTS
it
XC F
BAR BAR
0.363 0.571
0.361 0.565
0.359 0.558
0.355 0.5%6
0349 0.527
0.338 0.491



8¢

MEAN

MEAN

MEAN

FILM = Ue.dbue-Us  INCHED
Xy INLHE > P/ (MIN)
0 4433353
GeouUE~ (L 4.07817
CelOue—-(1L 3.81840
GelouE=-CL 3e95223
Oe2uvt—(1 secl(sl
Oel5uUt—C1l 2495042
Ve 3UWUE-CL Ze0o097
Ue390c— L1 2e35902
Ge4uut—Cl 1L.99571
Ce4nuk-Cl l.5¢000
U.5uvE-Cl L.vuvouy
FluM = U.3U0E-03  LIRNCHES
Xp ANLHES P/P{MIN)
0 4433333
Ve HuLE=- (2 4edTUv4
Usbult=-(Cl 3.0U30l
U.150E-L1L 3453224
0.200E=-CL 3.255596
Ue2bub=Cli 2ed0442
0.3UVE-C1 2etOU2T
[FPELIV LR 2e33406
Ge4UUE-CL Le973>8
Ue4b0E-C1 Len5300
Qe5uuk- (1L 1. L0UVU
FILM = U.25%c~U3  INLHES
Xe INCHES P/PAMIN)
0 4433333
0500t~ C¢ 4.,UbB 30
O, luvke—Ci 3eT08201
Cel50t-C1 3.20388
0.20uE= (1 3e22UU8
0.250E-Ci 292191
0.300t-C1 2462310
Ue350E-CL 2429870
QeuU0E—-C1L L.94318
Ued90E-CL leb53294
QebU0E-CL 1.000u0

PyPSI
654 U00U
6l.l720
57e2760
93.2834
49. 1597
4448507
4Je 3040
35%.3943
29. 93006
23.2331
150000

PyP>I
05. 0000
ule U500
57euUnal
52,9839
45.8034
44446063
39. 9041
35.0109
29,6037
2343049
120000

Py PSI
05, UUU0
6U. 8753
2. 7376
22.5581
4843012
43.9195
39.34065
34.4805
£9.1477
2249941
15,0000

AV - T/ SEC
L617 .460
L9v.198
212.747
22840688
247.072
271.650
302.331
344,273
407 .050
917.79%
8l2.354

ULAV) oFT/5EL
L36.967
145.827
150.041
L68.030
ly2.422
200,215
2234106
254.2817
300.734
332.015
593.522

JLAV),FT/SEC
9442403
lU0.6l6
107 9064
llo+549
126.021
139 .474
155.634
L77.655
210.158
2606.400
4084375

MACH NO
0.16160
0.17171
0.18339
Ve19713
0.21367
0.23417
Ge20001
0.29677
0435088
U 44634
0.70026

MACH NO
0.11807
0.12570
U.13451
O.l4484
0.15725
V.17259
U.19232
0.21920
0.25924
U+32930
0.51162

MACH NO
UeB1236E-01
0.867T41E-01
0.93066E-01
0.10047
0.10932
0.12023
0.13420
0.15314
0.18lie
U.22904
0435202



-’r_,___ r_ﬂé@.:.

6§

MEAN

MEAN

MEAN

FicM = L.20UE-U3

Xy INCHE S P/P{MIN}
0 4e33333
Qe500kE~-CY 44U401 8
Qe LUOE-CL 3.75000
Calbut~Cl 3=40003
Go2UuE-C1L 3.16950
VedHVE-CI 2.87340
Ja3UUE-CL 2e5617197
Q35001 2e240105
Oa4UVE-C1 1.898%0
GebouE~ (L 1.50318
0.500E-C1 L.00U0Y
FILM = U,15UkE—C3

Xy INCHE S P/P(MIN
u “4e33333
0.500k-C¢ 4.00823
U lOUE-C1L 3.69303
UelS0E~-LL JesnTll
OelUut=(l 3.08488
Jel50L-C1 ZeT835L
Uea3U0E-CL 241852
Ue350E-C(1 2.16374
Ce4UUE~CL L«82946
0.450t- (1L La45135
0.5u0E=-C1L L« U00UV
FiLM = wv.l0ut-03

Xy INCHE S P/P (MIN)
[V} 4433333
Oe5UUL-C2 Je93003
Ue lUOk~CL 3.57603
0. l5UE~(1L Jel3d3v
0.2uute—-(C1 291923
Ue2bUE-C1 2.61310
Ue3due-ClL 2e31417
Vesbut=~CL 2401593
Qe4uuE-ClL Lel0973
Ua4o0E—-Cl Lesdbl4o
GeBuudk-C1 L.000uO

INCHES

INCHE S

INCHE S

PyPSI
6540000
60. 6028
5642501
51.9094
4745425
43.1010
38e 5190
33.70L2
28.4844
22454177
15.0000

PyPSI
6540000
6U. 1235
55,4075
50.8007
42732
4l.7526
371.1773
32.4501
2144420
218603
15s00400

PyP>l
69.0000
549, U795
53.0404
4Y8e5T45
43, 7885
39.1965
34,7125
30e2589
25,6459
207219
15,000y

ULAV) 4FT/SEC
59,2716
63,5937
b8a5l46
T4.2434
d1.0633
B9.4167
10V .052
L14.3506
135,301
170.925
2564930

U(AV) ,FT/SEC
3241315
34.73706
37.0942
4l.10706
4541351
5060219
56.1772
6443498
76,1077
95,5400
139,236

ULAV) ,FT/SEC
12.804%95
14.08717
15.5162
17.1344
19.0072
212340
2397068
27.524V
32.4534
40.1650
5544865

MACH NO
0¢511L10E-01
0.54819E-01
0.59060€E-01
0.63999£-01
0.69878E~01
0.77078E-01
0686246E~01
0.98577E-01L
0.11663
0.14734
0.22148

MACH NO

0.27698E~01
0«29944E-01
0.32493E-01
0.35435E-01
0.38907E-01
0.43119E-01
0.48425E-01
0.55470E-01
0.65606E-01
0.82357E-01
012002

MACH NO

0.11038E-01
0.12144E-01
0.13375E-01
0.14770E-01
0.16384E-01
00 18304E-01
0.20668E-01
U23726E-01
0.27975€-01
0234623E-01
Ue47830E~-01



PLLT UF X(L) vd> A(MLAN)

09

V. UUUL0U  weUUlLZ>  Jauu0l1lbd  U.Ju0LT75 0.000200 0.000225 U.Q00250 0.000275 0.000300 0.000325 0.000350
UeulBeol——--=---—— -—— —————— -

L

V. Ulaul

U.ULTT7S

e e ey e o

0.0175u

0.01725

Q.ul700

e e e e e e e e e e e e e b e e e e e b e e e e e e e b

0.0L6751 - ———
U.00UL00 0.000i25 U.00UL50 0.000i75 0.000200 0.000225 0.000250 0.000275 0.000300 0.000325 0.000350

XC ON VERTICAL >LALE — H{MEAN) ON HORIZONTAL SCALE
XC IN INCHES — TU CUNVERIT TO METERS, MULTIPLY BY 2.54E-2

H{MEAN) IN INLHES = TO LUNVERT TO METERS, MULTIPLY BY 2.54E-2



—

19

PLOT UF F{dAR) V5 HIMEAN}

0.00UL00 0.00012> 0.000150 0.000175 0.000200 0.000225 0.000250 0.000275 0.000300 0.000325 0.000350
Ue 5801 - _—
L

0560

Le 540

Ue 20

Ce 500

F O I S e e e ol el e e e e e e e e el el il ol ol = gl e e
4%

0.40ul ————— -— -
U.0UULUD  0.u00125 .u00150 U.,UVUl75 0.000200 0.000225 0.000250 0.000275 0.000300 0.000325 0.000350

F(BAR} U VEKRTICAL SLALE — H{McAN) ON HURIZONTAL SCALE
FioAar ) 1S ulMenSLUNLESS

HAMCAN) IN INCHES - TU COUNVERT Tu METERS, MULTIPLY BY 2.54E-2



29

PLOT UF PUWER VS H{McAND

U.00uUldU Vevlulldd U.000153 0200175 0.000200 0.000225 0.000250 0.000275 0.000300 0.000325 0.000350
Je VUL UUH——=—~ — ———— ————————

b e

Lo LUOBU

C. CUULY

Ce OUV4L

[ ol Nl ol e e el el

Ueuun2ul e e e e et e e e e e o e e R e e i e e e
0.000100 0.000125 0.000150 0.000175 04000200 0.000225 0.000250 0.000275 0.000300 0.000325 0.000350

PUNER UN VERTLIULAL SCALE — HUMEAN) UN HORIZONTAL SCALE
PUWER IN HURSE PUWER — TO GCNVERT TO wATTS, MULTIPLY BY 745.7
A{MEAN) IN INCHE> — TU CONVERT TU METERS, MULTIPLY BY 2.54E-2

FUR SHEAK HEAT IN bTU/MIN, MULTLIPLY POWER BY 42.42



PLOT OF P/P(MIN) VS X FOR H{MEAN) = 0.35000E-03

Oe V. 005y 0.0140 0.0150 0.0200 0.0250 0.0300 0.0350 0.0400 0.0450 0.0500
5. Ul - -

L e L et

4,00

3.U0

= g e R b R e B R e

2. 00

L.u0

e P P e e e P e b o e e b B B P e e P S e e

Ue
Ue JelU3u VRV 0.0150 0.0200 0.0250 C.0300 0.0350 0.0400 0.0450 0.0500

P/PLIMIND UN VEKTILAL SLALE — X UnN HUKLZUNTAL SCALE

P/P{MIND 15 UIMeNSIUNLEDSS

€9

X In INGCHES = Fu CUNVERT Iu MeTERS, MULTIPLY BY 2.54E-2



o PLUT UF P/PIMIN) VS X FUr HIMEAN) = U.30000E-03
.
U 0.0050 0.0100 0.0150 0.0200 0.0250 0.0300 0.0350 0.0400 0.0450 0.0500

o
(=)
o
—

4. 00

3.00

2400

1.00

P P e B e b B P e e e e e e e P e e P B b e e e e e e e e e b B e e e e B e b e S e e e
*

O. :
[*N 0.0050 0.0100 0.0150 0.0200 0.0250 0.0300 0.0350 0.0400 0.0450 0.0500

P/P{MIN)} ON VERTICAL SCALE - X UN HORIZONTAL SCALE

P/PItMINY IS DIMENSIONLESS

X IN INCHES = TO CONVERT TO METERS, MULTIPLY BY 2.54E-2



Js 0. 0U50 v.0100 Je0150 0.0200 0.0250 0.0300 0.0350 0.0400 0.0450 0.2500
HaUUl-mmm—— e ————— e ——————————— -

B e S

- —r
#*

44 V0

3. 00

. 2.00

1.00

e b e e e B e P e o e B e et e e e e P e e b B e P e e e e b b B e e
»*

0.
0. 0.0050 0.0100 2.0150 U.0200 0.0250 0.0300 0,0350 0.0400 0.0450 0.0500

P/PIMIN) UN VERTICAL >CALE - X ON HORIZONTAL SCALE

P/P{MIN) 1S DIMENSIUNLESS

G9

X IN INCHES - TO CONVERT TU MeTERS, MULTLIPLY BY 2.54E-2



o) PLUT UF P/PiMInN) VS X FUR d{MEAN) = 0.20000E-03
D

s Uauuny 0.0100 J.0150 0.0200 0.0250 0.0300 0.0350 0.0400 0.06450 0.3500
5000l mm=mmmmmm = e e o

H o

4400

3.00

[l S e o e el ol o R ol

*

2.001
1 *
L
1
1
1 *
1
1
i
1

L. Ol *
1
1
L
L
1
1
1
1
1

O Lo o T e e e e e e e e e e e e e e e e e —e =

0. 0. V05v 0.0100 0.0150 0.0200 0.0250 0.0300 0.0350 0. 0400 0.0450 0.0500

P/P(MIN) UN VERTICAL SCALE - X ON HURIZUNTAL SCALE
P/P{MIN) 1S DIMENSIUNLESS

X IN INCHES — TO CONVERT TU METERS, MULTIPLY BY 2.54E-2



L9

PLUT UF P/P(MIN) VS X FUR H(MEAN) = Js 1500LE-03

Ue Ue UUDU U.J 100 J.0150 040200

0.0250

0.0300

0.0350

0.0400

0.0450

0.0500

e U0L=—=

4. 0

3.00

2.00

1L.v0

P P B e b b P B e e et e B b b pe e P P bt e P e Bt R s e e b B e B b e b P e b P b G P e 2 e e

O

0. U. 0050 Q.0 100 0.0159 0.0200

P/P(MIN) UN VERTICAL SCALE = X UN HOKIZUNTAL SCALE

P/P{MIN) IS DIMENSIONLESS

X IN INCHES — TU CUNVERT Tu METERS,

MULTIPLY BY 2.54E-2

0.0250

0.0300

0.0350

0.0400

0.0450

0.0500



PLLT UF P/P{MIND vS X FUKR Hi{McAN} = V. 1UUU0E=-U3

89

de 0. 0050 0.010Y 3.0150 040200
5.uul--- e
1

4 P —— -

4400

— e

3. 00

2,00

L.00

P et b P e e e e B b e e e B b e b e B e e e P e R e e e e e e

O.

0.0250

0.0300

Ve 0.0UbJ 0.0100 0.0150 0.0200

P/P{MIN} UN VERTICAL SCALE — X ON HURIZUNTAL SCALE
P/PIMIN) IS DIMENSIUNLESS

X IN INCHES = TO CUNVERT TO METERS, MULTIPLY BY 2.54E-2

0.0250

0.0300

0.0350 0.0400 0.0450 0.0500
*
*
*
*
0.0350 0.0400 0.0450 0.0500



69

LumMPRESSIBLE dEALING DaM WwlTd SMALL TiLT ANGLE

SAMPLLE PrUBbLEM

TIL1 ANGLE = U.00lu
P2iN/M2 P
Uaslude: (o Us
KeyMeTER S Kl
UesBal2ulE-Cl Ue
Ny &P
£3.300u 1

BEGIn UUTPUT vaTA

GA> LUNSTANT »J/ KL=
287 VB0

LyMETERS
U+52500

MEAN FILM
METEKS
Ue 254k~ 04
Co 229k~ U4
Ue¢03E-04
UeligE-va
CeidS2E-Un
Ce l27E-U4
Usllat~-04
0.1020-04
(. 089E- U5
0s762c-Ub
Qs635E~u>
Oeblob-05
Ue38LE~05
Co254E-(H

Mluul)
Ka/ sel

Jel34c-02
U.8338E-03
Ve4dlE-U3
Qe 242E—-03
Ue Y83k~ U4
Us 20 LE-04

MEAN FILMsME TR >
0. 254L- 04
Go229E~04
GCe203E-04
O.l70E-04
Us 152E-04
Col2lE-V4
Ge L14E-V4
Uel02E-U4
C.889E-05
Qe762E-0U5
Ge635E-05
C.5C8E-US
Ue3alb-Ub
0e254E-U5

RAULANS

LyN/M2
44 ¥l bk V6

+METERS
82931c-01L

VM/>
2. 2339

Ev K

AREA ML

Ue b0bB3E—-U3

<
SCMyS

Qe lU9—-u2
Ge 085E-U3
0.3v3-U3
CeL98E-03
Us BU3E-U4
Ve 2L 3E-04

PUWERyWATTS

Us 21206
U. 243834
Ue 29000
Q.37251
Ue 490067
Us 74501

cP/cy
1.40000

NO OF GRID POINTS

iyukov K VISLOSITY  N-5/M2 MOLECULAR WEIGHAT
31l Je 18961E-04 28,9660
LyMETERS RHO,KG/M3 RHO(ROT) yKG/ M3
Ue 222V6 0 0 il
LPyJ/Ku=UEL K SKIP A SKIP R SKIP T
luvue. 74 F F F
RrUl L) yKG/M3 A{SOUND SPEED),M/S
S.u3oUo 353.591
SPEL Uy KPS VyM/S
23.30uUy 12.2339
MACH RE(P) RE{R} KNUDSEN £ STIFF xC XC
{MAK) NUMb ER NEWTUNS KG/M ME TERS BAR
ANALYSIS NOT VALID
ANALYSIS NOT VALID
ANALYSIS NOT VALID
ANALYSIS NOT VALID
ANALYSIS NIT VALID
ANALYSIS NOT VALID
ANALYSIS NOT VALID
ANALYSIS NOT VALID
0.704 288.097 19.865 0.008 131.252 —0.812E 06 0.46lE-03 0.363
V258  182.424 L6.879 0.009 129.976 —U.L19E 07 0.458E-03 0.361
0.391 106.207 13.893 0.011 128.193 -C.167E 07 0.455E-03 0.359
Ua2d3 S54.671L 10,907 0.014 125.534 -0.257E C7 0.451E-03 0.355
Uelad 23.044 1.924 0.019 121,171 —0.459€ C7 04443E-03 0.34%9
0.004 6+559 4.960 0.029 112.925 -C.886E 07 (.429E-03 0.338
TUTAL HEAT,wWATTS DEL{T)DEG K TORQUE ¢ N-M
ANALYSIS NOT VvALID
ANALYSIS NOT VALID
ANALYSIS NOT VALID
ANALYSIS NOT VALID
ANALYSIS NOT VALID
ANALYSIS NDT VALID
ANALYSIS NOT VALID
ANALYSIS NOT VALID
U.21309 0.15832 0.91356E-02
UeZ24860 029494 0.10658E-01
V.29832 0.61726 0.12790E-01
Ue3729D 1.53296 0.15987E-01
U.49721 5.02389 0.21316E~01
U.T4581 28.3936 0.,31975t-01

BAR

0.571
0.565
0.558
0.546
0.527
0.491



0L

MEAN

M EAiv

MEAN

FILm = Jedtoult=-u5 METERS
AyMibien S P /P NG Py N/M2
[§] 4433333 Oe48loL:
Uel27E-(3 4.ulsl? Qedel (Tc
Qeldour~1L3 381840 Ue 39490E
Uedb le-0L3 3e0b¢23 Ue30738E
UebuUgk—vy 3 3421151 Ue 3389410
Ueb3oL-03 + 2e99U45 0. 3092 BE
Qe folE-L3 2a0BbY? G.27789k
UesbYE-C3 2e32902 0.24403E
Veluck—-C¢ 1eG95/l D42064UE
Qellat—-(2 l.voousd Velb220C
UaleTe-Co L.UUCuUU UelUsact
FILM = Jeloluue-0% METeR>
KeMETER & PP (MIN) Py N/iA2
0 4433353 Os440lbt
QeléTe-0u3 4o0{lus Us42V93E
UeldSub— L3 3.803061 Ue.39337E
Je38ae-(3 3ebidllu Us36531E
Qeb5UBL-C3 3.253%0 0. 33649E
0.035E~(3 290442 Us 30065 8E
UsTbll- L3 2evbuld Q0e27913E
UeBBYE—=C3 le3 3406 Us24139E
UelU2E-C2 La97350 Ve2uU4llc
Ueliat-(2 Le2b300 O.Lb6UbBE
JellTE- 02 l.0uGuo UslU342E
FILa = Je.03506t—05 METERS
XyMETERS P/P(MIN) Py N/ M2
g 4433333 Ue448l6E
Usll27c-C3 4.Ubu36 0e4lST2E
Qed54E-u3 3478251 Oe 39LL9E
Ue381LE-C3 3e50388 Oe 360238k
Qe508k~-C3 3422008 Ue.33303E
Ue633k-(3 2.92197 Vs 30281
Oel02b-Co 2e6c¢310 0.27128E
O.389E~-(3 2429870 0.23773¢
Q.102E-Ce Le943l8 0.2 0097E
Oellakc-(C2 L.53234 U.15854¢E
Qel276-C2 L.00000 U.10342¢t

Jo
Qo
Jb
Jo
Jo
Jo
ub
ubH
U6
VL3
Jo

ULAV) s M/ SEC
97.1397
oUe7l4s
04.8453
63,7042
755513
82.7988
92.1504
Lu4.9 35
le4.069
157.823
247.005

UCAV) s M/SEC
41l.7474
44.4481
4745614
51le2l56
55.60023
61.Uedh
ob.0020
17.5068
91l.6630
L16.438
150305

ULAV ) M/ SEC
287245
30.6707
32.9275
3549243
34.6551
42.5116
4744525
54.1491
54 .0562
dle1987
124.473

MACH NO
0.16160
0.17171
0.18339
0.19713
0.21367
0423417
0.260061
042977
0.35088
0e44634
0.70026

MACH NU
0.11807
0.12570
O.13451
0. l44b4
0.15725
0.17259
0.19232
0421920
U.25924
0.32930
0.51162

MACH NO
0.81236E-01
0.86741E-01
0.93066€E-01
0. 10047
u.10932
0.12023
0.13420
0.15314
Gl.l8L16
0.229 64
0.35202



1L

MEAN

MEAN

MEAN

FILM =

XeMeTER S
0
Oeillb=-L3
Us2bac—(3
Usdo l= (3
JaHUBE- LS
UeO3DE-L3
Uelb2e-(3
Qedoyb-C3
0.102E-C2
OellaE-C2
UelelE~-C2

FiLm =

XyMETERS
Q
OelzTE~L3
0.254L-(3
Ve3doib-(3
Q.bUBE-C3
Oe63dD2E- L3
Jelbce—(3
Veddt~- (3
velu2e-L2
Oellak-C2
Qsl27E-C2

FiLM =

XyMLTERS
u
Oelelb-L3
Ueldb4r-L3
UedBlE-(3
Oe5udt-L3
Ueb3bE—- L3
Oe76c¢c-C3
Vasd9E-L3
Oel =02
Oa.lliab-C2
Uel27E-C2

SR IV IV W g Y.

P/ IMIN)
4433335
4.U4vio
Je150LUU
3e4bUOS
3416950
2ebl34y
2ev0ivi
2el4015
l.a88s0
LaoU3Lb
FERVIVIVIVIV]

Je 38 10GE-ULD

P/PLMIN)
4433333
4aU0YL3
3e0%3083
3.307lLl
3.Ub4u8
2408351
e lboe
2410374
L.82940
La45735
JVIVIVIVIV]

Je2540Uc-UDS

P/PAMIN)
4e33333
3.93803
3e576U3
3e2383U
2e91923
2.61310
2431417
2e.ul593
LeflS13
l.38l46
1L.00000

METERD

Py N/M2
Je4b4olot
VedlTo4ut
Ued0783E
Ue3DTYVE
Je32779L
Ue2971TE
O.2655¢L
Vel 3230k
Gal9659E
Uel5540t
VelUdazE

ME TERKDY

Pyin/re
O.448l6E
Us4la b4t
Ue382U2E
Ve3bUsUE
Vs 31904E
Jelolsic
Va.25033E
Ve223T78E
Uelby2litk
U.lb072¢E
V. 10342E

METERS

PyN/M2
Je44dlot
Ve4UT34E
Oe 36984 L
Ue33491E
Ue 301Vl e
0.27025E
Ve23933¢
Ue2UB49E
Vel ToB2E
Uel4287L
Ue. 10342t

uo
Jo
Uo
ub
ub
Jo
96
ve
06
Jo
[41°]

ULAV) M/ SEC
18.0721
LYe35334
2V.8833
L200295
24.1J0l
27.2542
304953
34,9554
41423906
52.09179
To.3123

ULAV ) ¢M/SEC
Je79507
Lu.>880
ll.4892
l2.9296
13.7272
Loe2467
17.1228
19.6138
2341970
29.1208
424392

U{AV) M/ SEC
3.90483
4.29394
4472930
9.22258
%.79340
baa72L1
730814
B.38933
Y.59179
1£.2423
L6.9123

MACH NO
0.51110E-01
0.54819E-01
0e59060E-01
0.63999E-01
0.69878E-01
0.77078E~01
0.86240E-01
0.98577E-01
0.11663
0.14734
0.22148

MACH Nu
0427698E-01
0429944E-01
0.32493€-01
0.35435E-01
0.38907E-01
0.43119E-01
0.48425E-01
U.55470E-01
0.65606E-01
0.82357E~01
0.12002

MACH NO
0.11038E-01
0.12144E-01
0.133756-01
0e14770E-01
0.16384E-01
0.18304E-01
0.20668E-01
0.23726E-01
0.27975€6-01
3 34623E-01

0.47330E-01



-3
N

CUMPRES>IbLE dcALING uAM wl TH SMALL
SAMPLE PRCoLEM

INPUT vATA -

VILT AnvbLE = —ve.uulu RAUIANDS
PeePSiA PlyPoia
15.00uUu IS FRVIVAVIY]

Kly IiNLHE S wiylnLHEDS
3.31l50C 326500
Ny RPM Ve FT/5cL
Livv.ul 4Uel 375

BECLIN OQuTPuT uala

GAS LUNSTANT FT-LB/Llu{MI—-UEG R

Loy IneHeS
2Ge0717

MEAN FILM
INCHES
Ga LOUE=-V2
Ce UUE-US3
Ce8U0E-U3
U.700k-u3
C.00UL-U3
LeDUUE-V3
Lat50E-0U3
[APEAVIV =V
Ce35UE-03
C.3G0E-03
Uecbuk~u3
CelUUE-U 3
Ve LH5VE-US
ColCUE-US

£3.3522

Mm{uLT)
Lo/MiN

vell7
Jelll
JebabE—-UL
Uo3e0dE-C1L
Ve L3ub-CL
Ue 340E~-02

MEAN FILM, INCHED

Go l0OUE~-UZ
C.900E-U3
Ce80UE~VU3
Ca?70GUE-03
LebLUE-D S
Le50uk-U3
Ca4bUL—03
Ce4UVE-D3
Ca350E-u3
Co300E-U3
LedbUE~-03
Ce20UE-03
0.l5uc-03
Ce 1CUE-U3

AL Ap I NZ
leus3by

J
SLEM

Ze3lo
le4bi
Ue B32
Uealy
0170
Ou452E-01L

PUntRyH.Pe

Ue 2B5405E~03
Ue 33302E—03
Ue 39963:-03
Oe49954L-03
Q. 0606UbE-03
0.99907£-03

ILLT ANulLEk

Tyutb F
LuJ.

L s I NLHES
2V0.01717

CPyBTU/LEB-DEL R
Ve 24000

KHU (L) o Lo~5EC2/FT4
U97371E-02

SPEEU s #PM

1399 .00

Math RE(P) RE{R}
(mAX})

Uelb4 208,097 21.866
0e558 1382.424 L8.876
0.391 1lUb.207 15.u883
Vel53 S4.671 12.884
Uelébs 23,044 G.874
Uelb4 6.959 6830

SHEAR HEAT,BTU/MIN

0.12109E-01
U.14127&-01
0.16952E-01
0.21190E£-01
0.28254E-01
0.42381€E-01

VISLOSITY, L B-5EC/FT2
0.39600E-06

RHU, LB~SEL2/FT4

MOLECULAR WEIGHT
28.9660

RHO(RUT),LB~SEC2/FT4
[0}

0
SKiP A SKIP R SKIP T
F F F
AMSOUND SPEED), FT/SEC
1160.08
Vi FT/SEC
40,1375
KNUDSEN F STIFF XC
NUMB ER LB LB/IN INCHE S
ANALYSIS NOT VALID
ANALYSIS NOT VALID
ANALYSIS NOT VALID
ANALYSIS NOUT VALID
ANALYSIS NOT VALID
ANALYSIS NUT VALID
ANALYSIS NOT VALID
ANALYSES NDT VALID
0.008 32.894 0.444E 04 0.191E-01
0.009 33.165 0.635E 04 0. 192E-01
0.011 33.539 0.887E 04 0.193E-01
0,014 34.090 O0.134E 05 0.195E-01
0.019 34.974 C.233E C5 0.197E-0L
0,029 36.590 0.435E 05 0.202E-0L

DEL(T),DEG F TORQUE,FT-LB
ANALYSIS NOT VALID
ANALYSIS NOT VALID
ANALYSIS NOT vALID
ANALYSIS NOT VALID
ANALYSIS NOT VALID
ANALYSIS NOT VALID
ANALYSIS NOT VALID
ANALYSIS NOT VALID

0.28497 0.67381lE-02
0.53089 0.78611E~02
l.11107 0.94333E-02
2.75934 0.11792E-01
9.05200 061572201
51.1084 0.23583E~01

NO OF GRID POINTS

XC
BAR

0.383
0.384%
0.386
0.390
0.395
0.404

cp/Ccy
1.42000

11

BAR

0.637
0.642
0.649
0.660
0.677
0.708



gL

M EAN

MEAN

MEAN

FiLm = « 250E-C3

Xy INLHES P /P (MIN)
Osvuuc~C1 Leuvuuu
Ue450c-(1 Lel7378
Ueaur-C1L 2427932
Uedbuk=-(1l 2.01511
UedlUc- (1L 3.ulble
Cel5uE-L 1L 3.26lo00
[VEAVIVIC & | 34543172
Ue LbUE-CL 3.76%901
Qo luve=Cl1 3.97428
UedbuuL— L2 4elob3u
Ue4oot—CY 4e34333
FILM = Ue30UE-C3

Xy INLHE S P /P {MIN)
UadUUE-CL l.uv00UU
Oe4b0c~ (1 L.792306
Ueduitk-Cl 2430441
Oes50E~Cl 2o TUCUD
Ue3uUE-C 3.03145
UsddUE~-CL 3.31511
Ueculb-C1L 356331
Uel50E-CL 3. 78549
Oelbue—-C1 398922
UeHV0E-Cu 4.16700
Vedbor—(9 4.33333
FILM = Uadbutb-U3

Xo LINCHE S P/PIMIN)
O.bude— (1 L.0uul0
0e450E-Cl L.oldob
Ve4VUE-C 1 2433089
Ge3b0E-t1 2473813
[VRERVIVIN W 3.00739
Oa2b0E=-C1L 3.34150
Le20UE-Cl 3.591206
Uelouk—- (1 3.801707
UelUuE-Cl 4.00U23
UeDUUE=LL 4.1 1407
Oe4b60E-C9 4433333

INCHE S

INCHE S

INCHE S

PyPSl
15,0000
2b.0ub7
3441974
40.1357
4540924
4943749
53.155¢
S6e 5442
59.0l43
6244195
69, 000VU

PyPSI
15,0000
2048854
34,5661
40.5308
45,4773
49, 1267
23.4571
50. 7824
24, 1798
825050
65,0000

PyPSI
L5.000u
27.2799
35.0834
41,0809
46,0108
50.21L03
53.8088
57.1060
60.UU34%
62+ 6201
65+ 0000

U{AV) 4FT/SEC
Bl2s.354
457.970
350.323
3U3.002
2Tu el 3d
246 .792
229.2317
2154001
2V04 4403
195.216
187 .40606

J{AV) 4 FT/5EC
©93.522
331l.140
2574559
2194656
L95.762
179.335
L66.541
156.789
lag 927
142 .4 34
136.967

ULAV) FT/SEC
408.375
224.5417
174.002
149.111
L33.134
121.999
113.714
LW7.208
luZ.0by
97.8221
9442404

MACH NO
0.70026
0.39478
0.30715
0.26171
0.23294
0.21274
0.19761
0.1l8576
0.17620
0.16828
0.16160

MACH NO
V.51162
Ue28545
0.22202
0.18935
0.16875
0.15433
0.14356
0.13515
0.12838
0.12278
0.11807

MACH NO
0.35202
0.19356
0.15051
0.12854
0.11476
0.10516
0.98023€6-01
0.92466E-01
0.88001LE-01
0.84324E-01
0.81236E-01



yL

MEAN

MEAN

M AN

FILM = 0,200E-03 INCHES

Ky INCHES P /P {MIN)
GeH00E—-CL 1.00000
Ue450E-CL l.89868
G.400E-CL 24390060
0.350t-C1 219317
Qe3U0E-C1L 3.119062
Ge250E-01L 3436431
CelU0c-(C1 3.03088
J.150E-C1L 3.83795
Ue lOVE-LL 4.02141
Ge500E—-C2 4.18548
Us400E-CY 4433333
FILM = 0.150E-03 INCHES
Xo INCHES P/P{MIN}
Je5U0E~-CL L+ 000uL
Ue450E-CL l.92662
Ce40UE- L] 2.4 1050
Us350E~ (1 2.b8bloy
Ge3U0E-C) 3.2C333
Ce2b0E-CL 3.400d4)
Oe2uuE—-Cl 3.09252
Qelbue-L(1L 3.88530
Goluue-¢ClL 4.09390
OeH5UUE=-C2 4.20L05
Usbbob—(Y 4.33333
FILm = 0.luoE-u3 INLHES
Xy INCHES P/PIMIN)
UeSUUE-CL LeuQuUUU
Uetb0E-CI 2406517
Os4uuc—Cl 2.043482
Le3buk-(1L 3.048L4
Ue 3UUE— (1L 3.395498
Le250E-CL 3459054
Q. 2uvb- (1 3.7%fo8
Oeldout-<cl 396407
Usluuk-ClL 4010544
Uebuut—-C2 4ecelllL
Ue4ook=- (Y 4433333

PsPSI
15.0000
27.8802
3548599
4l. 8970
400 1943
50. 9147
2444032
51,5093
ols 3211
6247822
6540000

Py PSI
15.0000
2808993
37.1l484
43e22482
4 8e U499
9240201
55.3878
58.2803
64U, 8025
6340248
65. VU0

PePSI
L. 00u0
30e97706
39.0573
4947222
SUe 32417
53.9781
S5b. 9652
59 4610
6labgls
63,4082
65. 0000

ULAV) ,FT/SEC
2564930
138.233
107 .473
91,9850
8243594
75 .69%4
70.7625
bb.9440
63.89J36
b6l.3861
59.2916

UlAY) ,FT/SEC
139.236
712.2698
50.2216
48.3144
43,4562
40.1441
37.7076
35.8362
34.3497
33,1304
32.1315

U(AV) ,FT/SEC
59.4865
2048577
2V .9872
18.2334
L6.53806
15.4192
l4.6106
13.9374
13.5154
13.1260
12.48046

MACH NO

0.22148

0.11916

0.92643E-01
0.79292E-01
0.70995E~01
0.65249E-01
0.60998€E-01
0.57707E-01
0+55074E-01
0.52916E-01
0.51110€-01

MACH NO

0.12002

0.62297E-01
0.48464E-01
0.41648E-01
0+37468E-01
0.34605E-01
0.32504E-01
0.30891E-01
0.29610E-01
0.28566E~01
0.27698E-01

MACH Nu

0.47830E-01
0.23160E-01
O.18091LE-01L
0.15692E-01
U.14250E~01
0.13292E-01
0.12595E-01
0.12066E-01
0.11650E-01
0e11315E-01
0.11038€E-01
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PLUT OF X{L)} V> HIMEAN)

JeUuuiuu
0. 020401

0.000175 0.000200 0.000225 0.000250 0.0002175

0.000300 0.000325 0.300350
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0. 02000

P e
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C.C1960

L. CL940

L. Cl920

el e T S S U

1
0.Ul901
V. 00010V

XC UN VERT ICAL SCALE - H{MEAN)

HIMEAN) IN ENCHE> -

UN HUR [ZUNTAL SCALE
XC IN INCHE> — TU CUNVEKT JO METER>,
TU CLNVEKRT Tu METERS,

MULT IPLY BY 2,54E-2
MULTIPLY BY 2.54E-2

0.000300 0.000325 0.000350
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PLUT UF Puwbn V> fdlmMcAn)
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PLWER I Husdk POweR — TU CUNVERT TU wATTS, MULTIPLY BY 745.7
HiMEAN] IN INCHES - Tu CUNVERT Tu METERS, MULTIPLY BY 2.54E-2

FOR SHEAR HEAT IN olu/mInNy MULTIPLY POWEK BY 42.42

U.000225 0.000250 0.000275 0.000300 0.000325 0.000350
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*
*
%
0.000225 0.000250 0.000275 0.000300 0.000325 3.3000350



-3 PLUT UF P/P{MIN) V> X FUR H{MEAN) = Ue35000E-D3
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5e0Ul-—=—mmmmm - ORI -

4.00

3.00

Zeul

L.uv

P e e e e R e e e e e P e e e b e e e B e b P e P e e P P P b e e B e b e e e P e e

Ve - -
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P/PIMINY UN VERTICAL SCALE — X ON HORIZONTAL SCALE
P2 lMln) To ULMENSIUNLE NS

X Ly INLHES — TU CONVERT TU METERS, MULTIPLY BY 2.54E-2



PLUT UF ¢/P{mlw) ¥> X FuUrR H(MEAN) = Qe 3UUUUE~D3

0. 0.0U3L U.9100 J.0150 0.0200 0.0250 0.0300 0.0350 0.0400 0.0450 0.0500
2. U01L - - -
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P/P(MIN) UN VERTICAL SLALE - X ON HCORIZUNTAL SCALE

P/P(MIN) IS DIMENSIUNLESS

6L

A IN INCHES - TU CUNVERT TO METEKSs MULTIPLY BY 2.54E-2



by PLUT uF P/PIMIN) VS X FUR n(MEAN) = 0.25000E-33
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PLOT OF P/PIMIND VS X FOR H{MEAN) =

Us20000E-03
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PLOT OF P/PIMIN) VS X F

UR HIMEAN) = 0.10000E-03
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CUMPRESSIDL e dtabliihv vAM

SAMPLE PRUbLEM

Wl B OMALL TILT ANGLE

BAR

0.637
0.642
0.649
0.550
D.677
0.708

TieT ANGLE = —JUe.UULU  RAUIANS
P2yN/M2 Plyn/Me Tyucu K VISCOSITY N-S/M2 MOLECULAR WEIGHT cP/CV
Usiu342t Co Ge44nlot Uo 3iia Ue 1896 LE~04 28.9660 1.40000
R2yMETER S KleMETER DS LaMETERS RHO,K G/ M3 RHO(ROT) yKG/M3 NO OF GRID POINTS
Qeb42ule=(} Ued2931lb—-ul us 52500 0 0 11
Ny RPS Val/> CPyo/Ko-DEG K SKIP A SKIP R SKIP T
¢343000 1242339 L1u04.78 F f F
seGIn UuTPUT ualda
GAS CLUNSTANT yJ/Kuo—~uEG K RHU( L) yKG/ M3 A{SQUNEC SPEED),M/S
281.0db 5.03000 353.591
LeMETERD AREA M2 SPEED,RPS VyM/S
Ue52500 Ue 600B3E-03 23.3000 12.2339
MEAN FILM M{oUT) o MACH RE(P) RE(R]) KNUDSEN £ STIFF XC xC
METEKDS KG/ Skl St s (MAKX) NUMB ER NEWTONS KG/M ME TERS BAR
0e254E-V4 ANALYSIS NOT VALID
Col229k-U4 ANALYSIS NOT VALID
UelU3E— V4 ANALYSIS NOT VALID
Ue LTOE—- U4 ANALYSIS NOT VALID
Je152E-04 ANALYSIS NOT VALID
Celete-u4 ANALYSIS NDT VALID
Coll4E-U4 ANALYSIS NOT VALID
Ve 102E-04 ANALYSIS NOT VALID
Coe8d9E—0D wel34L-UZ2 UeluvE—-U2 Uel24 <2ddaUdT 2L.8606 0.008 1464320 0.777€ 06 0.486E-03 0.383
CeT0lE-U> Ued3s8E-(3 OQ.b85E-U3 0.558 1d2.424 L8.376 0.009 147.525 O0.111E €7 0.488E-03 0.384
Ca€35%~U5 Ue4ble-C3  C,o393E-~u3 0391 1004207 15,843 0.011 149.191 0.155E (7 0.491E-03 0.386
Oe5LH8E-US U.Z242E-U3 Uel98e-U3 G253 Y4.671 12.884 0.014 151.é41 0.235€E 07 0.495E-03 0.390
Oa28lE-C5 v.983E-C4 V.ou3E-V4 Jelb4 2340644 9.874 0.019 155.574 0.408E 07 0.50LE-03 0.395
04254E-C> v.20lE-U4 v.213E-~04 V004 6559 6.830 0.029 162.760 O0.761E 07 0.513E-03 0.%404
MEAN FILMMETERD PUANER s WATIS TUTAL HEAT WATTS DEL{T)DEG K TORQ UE s N—-M
Q. 254E~ U4 ANALYSIS NOT VALID
Le249E-04 ANALYSIS NOT VALID
0.2u3E-04 ANALYSIS NOT VALID
Ua L7BE- U4 ANALYSIS NOT VALID
Ue152E-04 ANALYSIS NOT VALID
Qel27E-04 ANALYSIS NOT VALID
Uell4b-ua ANALYSIS NOT VALID
0. 102E-04 ANALYSIS NOT VALID
C.889E~-U5 Us21286 0.21309 0.15832 0.91356E-02
Ues762E-UD Q. 24834 0.248560 0429494 0.10658E-01
Qe €35E-05 U. 293800 0629832 0.61726 0.12790E-01
Ue 5CBE-US 0e37251 0.37290 1.53296 0.15987€E-01
0+3B1lE-UD Os 496067 0.49721 5.02889 0.21316E-01
04254E~-U5 Qe 74501 0.74581 28.3936 0.31975E-01



L

MEAN FlLM = Ue 8350CE-05 METERS
XyMETER S P /P IMIN) PyN/M2 U(AV )M/ SEC MACH NO
QellTE-C2 L.U00U0 Qe lU342E 06 2474635 0.70026
Uellak=C2 L.7737y U.18345E do 139.592 0.39478
Ve l02E=-C2 2.21982 Ue23578E Qo 1054607 0.30715
Ga889E~-(3 2.07571 Ve27673E Vo 92.5380 0.26171
Oe76c¢k-C3 3.UlLblE Qe 31U9VE Q06 823660 0.23294
Veod5t-(3 3.291006 Ue 34043 E 0o 715.2221 0.,21274
Ca5L8E-(3 345437 Ue 3665VE Vb 69.8716 0.19761
Ue381L-(3 3.70961 Ue 38986E 06 65,6845 0.18576
Ved b4~ L3 3091428 V«4L103E Q6 62.3019 0.17620
Uaele7e-C3 4,16130 0.43037€ vo 59.5019 0.16828
Uellde=- U 4433333 Us 448l o uo 57.1397 U.l6L60

MEcAN FLILM = Ve TOZUCE-US  METERS
XyMEIERS P /P (MLN) PyN/M2 ULAV M/ SEC MACH NO
UelliE- (2 1 .UU00U Vel0342E 06 180,905 0.51162
Uealébr-C2 l.792306 Ue L8593 7E Q6 i1vu.931 0.28545
OelGlE-t2 le3C4unl 0.23833E 0o T8.5041 0422202
OeobYE=C3 ce1U2US 0e2/945E Ub 6649511 0.18935
UeTbcE=C0 EPVETS-L) Ve 3L356E V6 59 «6683 0.16875
Ue035E-C3 EPEIFINY Ve34285E 06 545599 0.15433
Ue5UbE-L3 3.96381 Ue 36857E b 5u.7b18 0.14356
Ue3ddle-(> 3.70854Y9 0« 39150E ub 47.7591 U.13515
Uedb4E=L3 34986532 Us4l217E vo 45,3930 0.12838
Uel2T7E-C3 4alblUU Ue43UB6EL 05 43.4138 0.12278
Qe loc- lu 4433333 Ue44ul bl VO 4l.T474 0.11807

MEAN FILM = Ue63500E-Ud METERS
XeMetcr S P/P{MIN) Py N/M2 UIAV) M/ SEC MACH NO
Us b fE= L2 L+ UUUOU OesluU342t vo 1244473 0.35202
Usllac=~Ce L.818b6 0.18309E vo 68.4420 0.193506
Velude-ue 2.33809 Velé4lByE Vo 23.21606 0.156G51
Veoovt-C3 ¢e13313 Ve28324E Vo 45,4491 0.12854
VeTuLlE-(3 24006739 Ue 31 723E vo 40.5794 Uell476
JetdbE-(3 3.34736 Ue 3461 9t Vo 37.1854 0.10516
Uedloe-L3 3456126 Ue3TL4LE uUo 34,0599 Ue98U23E-01
Ue38lc-0C3 3.0Clu7 Ve 39373E Vo6 3240952 09246601
Ueldbat—-1v 3 4 U0ULS Ua%l371E Vb 3l.1ib4 0.88001E-01
Ue.l27E-C3 4.l T407 Us 43175k 06 29 .8l02 0.84324E-01
Uol L8E- JU 4433333 De 448L6E ub 28.7245 0.81236E-01

G8
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MEAN

M EAN

McAN

FlLm =

XeMETER S

Jel27c-Lg
Vel l4c-C2
Jelule~-(2
Jeodu9yk-1L3
Uedo2e-L3
Va035E-03
CadUBL- (D
Ue381lE— L3
Uesb4r—(3
JaleTt-03
Uellse- i

ticM =

KyMEILR S
Uel2 IE—- L2
Uellbk— (e
Ueludb-Le
Qe89c—L3
Uslock—-0y3
Va635E-¢C3
UaDUbE-G3
Ve3ds b= (o
Uacbak- (3
Oalele=Co
Vel loe- 11U

FiLM =

XeMcTERS

Oellic-(2
Uellar—-C2
Jaeluct— 02
Uebove— L3
UaT02E-C3
Qe035—C3
UebUBE- (3
Oe3b1c-C3
Ve254E-(3
Qel2?l-0L3
Vel 18E- 1V

Ve b0 ELLE-UD

P/P{MIN)
L.uuluu
La.dbuob
Ze3%0006
2.7493L7
3.1lYo0c
3a59431
3.03088
3e03(9>
4eulial
4.18%48
4433333

Jed3luuE—-0s

P /P LMIN)
L.0G0uY
lLev2c0l
ZeaToo0
Ze.8blBy
3020333
3e40E4l
3409252
3.b38530
4409300
442Clob
4433333

Ue2940UE-US

P /P (MLIN)
1.00uUu0
2406517
2464302
3.048L4
3.33494
359054
3e79708
3.90407
410244
44221721
4433333

METERS

PyeN/He
Jeludal2t
Vel 9225¢k
Us24{25E
UecB08TE
Ue 32204t
Vel Ut
UeslbolE
Ve sY093E
Ue4loYUE
Ue43287k
Ve 448l oL

METEKS

PeN/M2
UelUdult
Usbl9925E
Uelholst
Ue29805¢L
Ue 33129E
U.358T71E
Us 38LBYE
Ue4VUlB3E
O0d4l922¢€
Os 43454 L
Ue448Ll 6L

Me TERS

PaN/M2
Q. lusd4slk
U.21358¢k
V.27343E
Ue3lbest
Ve34693E
Ue 3721 7E
Ue392 76k
Ue4U9IITE
Us4l459¢L
Us43TL8BE
Ue4481l06E

V6
ub
Jo
vo
Jvo
Qo
[¢13
Jb

0o

U(AV ) s M/SEC
73.31¢3
4241333
32.75706
28,0370
25.1031
2340115
21.56484
2Ue4047
19.47338
13.71ud
L8.u721

U(AV)} M/ S5EC
42 44292
22.0278
17.1363
l4.7202
L3+248>
12,2359
L1.4933
10.9229
1044698
10,1006
9.793617

LAV} M/ SEC
lo.9123
8.18928
0039691
5454339
5.04095
4409975
4445331
4.26640
4411948
4.,00081
3.90233

MACH NO
0.22146
0.11916
Ue32643E-01
0.79292E-01
0.70995£-01
0.65249E-01
U.60998E-01
0.57707E-01
0.55074E-01
0.52916E-01
0.51110&01

MACH NO
0.12002
Ue6d29TE-01L
0.48464E01
U.41648E-01
0.37468E-01
0+34605E-01
0.32504E-01
U+30891E-01
0.29610E-01
0428560£E-01
U27698E-01

MACH NO
0.47830E-01
U.23160E-01
0.18091E-01
0.15692E-01
Usla256E-01
04L3292E-01
0.12595E-01
0.12066E-01
0.11650E-01
0.11315E-01
0.11038E-01
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